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Abstract 
Insulated rail joints are a safety valve in railways that are used as part of the signalling 
system to determine the position of a train. Insulated rail joints are the weakest part of the 
railroad, where their life ranges between a third and half of the life of rails. 
One of the most significant issues in insulated rail joints is metal flow, and damage and 
loss of the end post. Major causes of these issues include sliding wear, impact wear, wear 
due to rolling/sliding contact, and wear due to rail compression and plastic flow of rail 
material. In this study experimental investigations have been applied to improve insulated 
rail joints. The aim of this work was to experimentally determine the resistance to sliding 
wear, impact wear, rolling/sliding contact wear, compression wear of five specimens of 
end post materials with different properties against train wheel material (steel), and the 
influence of tests parameters and lubrication on these materials. The end post materials 
were classified into thermoplastic materials such as Nylon 12, Nylon 66 and Nylon66a 
materials and thermosetting materials such as Epoxy Glass and Phenolic Resin Bonded 
Fabric materials according to melting point temperature. A Block-on-Ring apparatus has 
been used to achieve sliding wear tests and 100% slip ratio lipping tests; a Ball-on-Plate 
Impact device has been used to implement impact wear tests; a Twin-Disc Machine has 
been employed to carry out partial slip ratio (1%) lipping tests and rolling/sliding contact 
wear tests and a Tinius Olsen-H25ks compression/tension machine has been used to 
conduct compression tests. The contact scenarios of wheel/rail and IRJ were identified, and 
the material wear resistance of studied end post materials was determined via experimental 
studies. The wear mechanism of the end post materials is explained. It was found that 
excessive loads caused the materials to yield which then caused plastic deformation and 
rupture and rise in temperature (from friction in sliding) caused the thermoplastic materials 
to melt. The thermosetting materials were not affected by increases in temperature. 
From the studies of the different scenarios of contact between wheel and IRJ (end post). It 
was shown that the performance of the insulated rail joints can be improved with selection 
of the optimum end post material. 
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1- Introduction 
1.1- Rail Transport Importance 
Trains are the quickest, most comfortable and reliable transport choice compared with 
other land transport. They can carry huge numbers of individuals or extensive cargo loads 
at high speed in one unit, where the same number or burden would take numerous buses 
and considerably more lorries or cars. The train is far faster and more reliable than cars, 
buses and lorries [1]. Rail transport started in Greece during the 6
th 
century. The railway 
was 6 km long in the beginning [2]. The railway reappeared in 1350 in Germany after the 
dark ages. The rail was made from wood and the line was operated by animal or human 
power [3, 4]. By the 17
th
 century wooden rails were used in England and Wales for 
transporting coal. One of the oldest railways in the world, is the railway in Leeds that was 
built in 1758. In 1810, the first tramway was the Leiper Railroad. In 1768 wrought iron 
plate was placed on the top of wooden rail. In 1803 the length of rail extended to 4.6 m. In 
1857 the rail was made with steel. In 1825 the first public steam railway began to operate 
in North East England. 1435 mm gauge began use in UK in 1830 and an electrical railway 
was working in 1838. High speed rail was introduced in Japan in 1964 [5-7]. After that the 
rail transport witnessed great development until the present day. 
1.2- Rail Transport Maintenance 
Railways require preventive and corrective maintenance to stay in good condition, 
particularly in the case of high speed trains [8]. 
1.2.1- Rail Transport Maintenance Costs 
It is difficult to determine rail transport maintenance costs. They depend on many factors: 
track type, geological condition, electric traction, high humidity and typhoon immunity, 
high passenger capacity and high technology specifications trains … etc. [9]. 
Rail transport maintenance costs are divided into two types [10]: 
i) Direct Maintenance Costs 
ii) Indirect Maintenance Costs 
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1.2.1.1- Direct Maintenance Costs 
Direct maintenance costs are the costs of all activities directly used in railway 
maintenance, i.e., labour and materials.  
1.2.1.2- Indirect Maintenance Costs 
Indirect maintenance costs are the costs of all functions not directly involved in railway 
maintenance such as preparing material costs, staff training costs, transport to a 
maintenance site costs, inventory costs, material order costs, etc. 
1.3- Structure of the Railway Track 
Railway track consists of parallel lines of rails with their sleepers, fittings and fastenings, 
ballast, etc. (see Figure 1:1) to equip a path for the movement of trains for transportation 
[8]. The total length of track in the UK is 32,186 km [11]. 
 
Fig. 1:1- Railway Track Cross-Section. 
1.3.1- Rail 
The rail is the main part of the track and is made of rolled steel (see Figure 1:2). The main 
function of the rail is to [12]:  
 Distribute the weight of a train to the sleepers. 
 Provide a suitable running surface and work with the wheels in steering the coaches in   
required directions. 
 Carry reversion traction current and to transfer electric current for signalling objectives 
in track circuited regions. 
Subgrade 
Sub-Ballast 
Ballast 
Sleeper 
Rail Pad 
Fastening 
Rail 
Gauge 
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Fig. 1:2- Flat-Footed Rail Section [13]. 
There are three different types of rail (see Figure 1:3) [8]: 
i) Double-headed rail 
This type of rail is not commonly used now. The head and foot of double headed 
rails is made in the same size (see Figure 1:3 (a)). Double headed rail can be 
inverted when the rail head is worn out, but craters can be found in the foot at the 
sleeper support points which do not provide smooth running for the trains. 
ii) Bull-headed rail 
                   The bull-headed rails head is made larger than its foot, as shown in Figure 1:3 (b). 
iii) Flat-footed rail. 
The shape of flat-footed rails is a “I” shape (see Figure 1:3 (c)). In the beginning, 
flat-footed rails were located immediately on the sleeper. After that steel bearing 
plates have been put between the rail foot and the sleepers due to the increase in 
loads. 
 
Fig. 1:3- Rail Types Cross- Sections [8]. 
1.3.2- Sleepers 
Sleepers are used to transmit the oncoming loads to the track ballast and hold the track 
a b c 
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and assist in maintaining the gauge. There are three types of sleepers now commonly used 
[8]: 
a) Wooden sleepers (see Figure 1:4). 
 
Fig. 1:4- Wooden Sleeper [8, 14, 15].  
b) Metal sleepers, divided into cast iron sleepers and steel sleepers (see Figure 1:5). 
 
Fig. 1:5- Metal Sleeper [8, 14, 15]. 
c) Concrete sleepers (see Figure 1:6). 
 
Fig. 1:6- Concrete Sleeper [8, 14, 15]. 
 
1.3.3- Gauges 
The distance between the inner edges of the rail heads is called the “gauge”. It is equal to 
1435 mm in the UK and measured at 16 mm below the top of the rail [8]. 
Ballast 
Concrete Sleeper 
Metal Sleeper 
Wooden Sleeper 
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1.3.4- Ballast 
One of the most important components in the track structure is ballast. With the increasing 
axle loads and train speeds, the importance of the ballast has risen. Different types of 
materials are used according to the availability, requirement and economic motives, such 
as rock aggregates, natural gravel, sand and shingle etc. The shape is angular or cubic. 
The ballast layer performs major functions in a track system such as supporting the track 
against train forces, providing stability to the track, and allowing rain water drainage (see 
Figures 1:1 and 1:6) [16, 17]. 
1.4- Rail Joints 
Rail joints are used to connect two rails end to end, so as to prevent the movement of the 
rail horizontally and vertically. They act as a bridge between the adjacent rails, as well as 
allowing longitudinal movement of rails when expanding and contracting as a result of 
temperature changes. Rail joints are the weakest part of the track, where their life ranges 
between a third or a half of the life of the rails. 
Rail joints consist of two opposite bars called “fish plates” with four or six bolts and 
washers (see Figure 1:7). The joint bars are put in place by the action of bolt connections 
through rails. 
There are three types of rail joints which are described in the following sections [8]: 
i) Standard rail joints. 
ii) Compromise rail joints. 
iii) Insulated rail joints.         
 
Fig. 1:7- 4 Bolt Rail Joint “fish plates” [18]. 
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1.4.1- Standard Rail Joints 
Standard rail joints, as shown in Figure 1:8, are used to connect two rail ends of the same 
specification, such as weight section. Standard rail joints are divided into standard rail 
joints 24in in length with 4-bolt holes for small rail sections and 36in in length with 6-bolt 
holes for larger rail sections. 
 
Fig. 1:8- Standard Joint Bar [19]. 
1.4.2- Compromise Rail Joints 
Compromise rail joints are used to connect two rails of different specifications, such as 
weight and section (see Figure 1:9). There are two types of compromise rail joints, 
directional compromise rail joints and non-directional compromise rail joints.  
The directional compromise rail joints (right and left hand) are employed where a 
difference in the width of the head between two sections means offsetting of the rails is 
required to align the gauge side of the rails.  
The non-directional (gauge or field side) compromise joints are used where the contrast 
between sections is not more than 3.157 mm at the gauge point or where the contrast is in 
the height of the head. 
 
Fig. 1:9- Compromise Joint Bar [19]. 
Joint bar 
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1.4.3- Insulated Rail Joint (IRJs) 
Insulated Rail Joints (IRJs) are used in track as part of the signalling system. Track 
signalling is employed to ensure that the movement of trains is safe and smooth so as not 
to pause the trains. For the purpose of train detection the track is split into blocks, each of 
which form a circuit. A low-voltage electric current is fed from a battery to the rails at one 
end of the track section. At the other end of the track, a relay is attached to the rails. In an 
unoccupied circuit, as seen in Figure 1:10, the current is allowed to run through the relay 
keeping it switched to a position that allows a track signal to show that the track section is 
clear [20]. 
 
Fig. 1:10- Clear Track Circuit [20]. 
When a train enters the insulated track section, the wheels and axles short the circuit as 
shown in Figure 1:11. 
 
Fig. 1:11- Occupied Track Circuit [20]. 
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The current is therefore diverted from the relay, causing the relay to switch to its other 
position which causes a track signal to show that a train is present in the block.   
IRJs are used to connect adjoining rails and provide a smooth surface for passage of train 
wheels on the railways as well as make the rail network electrically isolated. They preclude 
electrical current transfer between adjoining rails, thereby dividing a track circuit into 
circuit sections. IRJs employ insulating material between the rail ends (end posts).  
Insulated joints completely isolate the rails by insulating material placed between the 
fishplate and the rails and around the bolts. IRJs consist of the following components, as 
shown in Figure 1:12 [21, 22]. 
 
1. Fish Bolt & Nut 
2. Backing Plate 
3. Fish Plate 
4. Ferrule 
5. Epoxy (Glue) 
6. End Post  
Fig. 1:12- Cross-Section of an Insulated Joint [21, 22].  
There are two designs of IRJs: 
i) Non-glued (loose) IRJs 
ii) Glued IRJs 
In non-glued IRJs, the end post is put in the gap between rails then fishplates are installed 
on the rails by the action of bolts, while in glued IRJs the end post is put firmly in place by 
the action of high strength glue between joint bars and rails and bolts connections through 
rails and joint bars to ensure that they are coherent as one piece to bear the excessive loads 
and frequent vibration. The focus in this work will be on Insulated Rail Joints (IRJs). 
1.4.3.1- End Post 
The end post is a buffer made from electrically non-conductive material such as Nylon or 
composite materials which is placed in the gap between the adjacent rails, so as not to 
1 
3 
5 
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allow the passage of electrical current from one rail to the other. End posts take the same 
shape as the section of the rail and their thickness ranges from 6 mm to 15 mm (see Figure 
1:13) [8, 23, 24]. 
End post material, properties and thickness are closely related to IRJ failures and dynamic 
action. The end post material may be placed in the gap between the rails perpendicular to 
the longitudinal rail axis, this layout is known as “square IRJs” (see Figure 1:14). In a 
different layout, end post material is put at a 15ᴼ inclination from the lateral rail axis, this 
arrangement is called an inclined IRJ (see Figure 1:15) [24]. 
 
Fig. 1:13- End Post Shape. 
                                 
     Fig. 1:14- Square Joint [24, 25].                 Fig. 1:15- Inclined Joint (Top View) [24, 25].  
1.5- Insulated Rail Joint Design 
IRJs consist of insulating material (end post) placed in the gap between adjoining rails, and 
two joint bars held by bolts or by adhesive and bolts which connect the rails. There are 
several types of design depending on the form of rail and its support system. 
Two types of IRJ supporting systems are used [8, 24]: 
i) Supported IRJs 
1
5
8
 m
m
 
20 mm 
140 mm 
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ii) Suspended IRJs 
Figure 1:16 shows the presence of the sleepers in a symmetrical position to the end post for 
suspended IRJs. For the suspended IRJs, there is no support under the end post. 
 
Fig. 1:16- Suspended IRJs [26]. 
In supported IRJs, the end post is fixed on the sleepers. There are two types of supported 
IRJs: 
1- Continuous IRJs (see Figure 1:17) 
 They are called continuous because they continuously support base of the rail.  No    
metal-to-metal contact occurs between the joint steel bars and the rails.  
 
Fig. 1:17- Continuous Insulated Rail Joints [14]. 
2- Non-continuous IRJs 
In the non-continuous supported IRJs the end post is fixed immediately above a 
sleeper, as shown in Figure 1:18, which reduces the dipping of the rails, and thus 
relieves compression on the end post and prevents its cracking and fragmentation [27]. 
Sleeper 
 
End Post 
Sleeper 
Suspended IRJs 
Continuous IRJs 
End Post 
 
 
11 
 
                                                                                                                                  
 
Fig. 1:18- Non-Continuous Supported IRJs [28]. 
1.6- Importance of IRJs  
IRJs are used to electrically isolate the rails and split the circuit into sections to achieve 
signal control. IRJs failure is a serious safety case and railways operators are very focused 
on the issue of their maintenance and conservation. IRJs are considered to be a weak spot 
in the rail track. The service life of IRJs is 1/3 to 1/2 of rail life [27]. There are 
approximately 96000 units in the UK network, with 4000 being replaced each year. 
The annual cost to Network Rail for the replacement and maintenance of IRJs has been 
estimated to be £3.5 million in delay minutes and further £9 million in unit replacements 
per year [11]. Improvement of the present IRJs is therefore needed to solve this growing 
issue. Recently there have been some studies looking at the mechanism of failures of IRJs 
in order to develop and improve their performance. 
1.7- Insulated Rail Joints Failures 
Many industries face the problem of wear, especially in the moving parts. Practically the 
moving parts are subject to wear in contact region with other parts.  Wearing parts need 
replacement and this process leads to an increase in costs and down time. The engineers 
working in this area need to find and design certain materials to resist this wear occurring 
to the moving parts to increase the part’s life and reduce the replacement of the part. 
Failures in rail joints are driven largely by the wheel/rail contact [25]. 
 
 
End Post 
Non-Continuous IRJs 
Sleeper 
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1.7.1- Wheel-Rail Contact 
The bulk material and surface in the contact region between rail and train wheel must be 
very strong to bear the vertical normal forces from heavy loads and dynamic action 
induced by wheel and track irregularities [29]. 
The area of contact between train wheel and rails (approximately 100 mm²) is small 
compared with the overall dimensions of the wheel and rail. 
It is not easy to measure the contact zone between the rail and the railway wheel. One of 
the interesting methods for measuring the contact area between railway wheel and rail is 
ultrasonic reflection technique it was presented by Marshall et al. [30]. 
Another way for simulating the contact between bodies is with finite element methods. 
1.7.2- Insulated Rail Joints Failures Types 
The first type is mechanical failure; this type of failure affects steel parts, such as the rails, 
joint bars and bolts.  All the steel parts in the track are subjected to static and dynamic 
loads and fatigue. The first type of mechanical failure is broken joint bar failure due to 
excessive load and high impact forces at the IRJs as shown in Figure 1:19. 
The second type of mechanical failure is “battered” rail end. The influence of running 
wheels causes the rail end to be flow downwards and become flattened. These flattened rail 
ends are called ˝battered˝ or ˝crippled˝ rail ends. This happens when the gap between 
adjoining rails is excessive and fish plates do not fit snugly because of the lack of strong 
support at the ends of the rails (see Figure 1:20). It is measured by comparing the height of 
the rail at the rail end and at a point 300 mm away from the rail end. Rail end battering up 
to 2 mm is accepted and 3 mm is critical. 
            
       Fig. 1:19- Cracked Joint Bar [31].                 Fig. 1:20- Rail End Battering [32].    
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High loads can also cause failures in the epoxy that is used to hold the joints together. The 
epoxy can crack or peel away from the joint bars and rail that it is attached to, which can 
significantly weaken the insulated joint. Once the epoxy is weakened, it can cause the 
insulated joint to fail. 
The second type is electrical failure, which is a destruction of the insulated joints so that 
loss of the ability to isolate the electrical current in the rail network occurs. This leads to 
the transmission of electrical current between the adjacent rails. There are a few ways in 
which an electrical failure can occur in bonded insulated rail joints. 
The first reason that leads to electrical failure in IRJs is “Lipping”, which is flow of rail 
head material due to high wheel loads and traction. When the train wheels pass over the 
rail head near the gap between adjoining rails at an IRJ, the steel of the rail can deform 
over time. After a period of time, the gap between rails will close and the adjoining rail 
comes into contact and an electrical short occurs (see Figures 1:21 and 1:22). 
  
  Fig. 1:21- Rail End Metal Flow [27]. Fig. 1:22- Schematic Diagram of Rail End 
Metal Flow. 
It can lead to the development of further damage such as spalling as shown in Figure 1:23. 
Key factors associated with this type of failure are rolling contact fatigue and the 
associated loading rate dependent metal plasticity as the wheel load exceeds the material 
yield point at the point of contact. 
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Fig. 1:23- Rail Head Metal Spalling in the Gap between Adjoining Rail at IRJs [27]. 
Electrical failure can also occur when bolts used to hold the joint bars together are 
permitted to touch the joint bars and the rail at the same time. This may happen when the 
insulation ferrules around the bolts fail due to high loads.  
Another method of electrical failure is a failure of the insulating end post of the joint. The 
end post may crack and come out of the space between the rails in the joint which may 
allow the rails to touch when they are extended or when the joint is loaded this is due to 
thermal effects and higher impact forces at IRJs (see Figures 1:24 and 1:25).  Damage or 
loss of the end post can allow water in the joint and thus allow the passage of electrical 
current.                                                  
  
Fig. 1:24- IRJ with End Post Crushed [27]. Fig. 1:25- Plastic Deformation of Rail End 
with Deterioration of End Post 
[33]. 
To improve and develop IRJs, understanding of their failure mechanisms is firstly required. 
There are several types of insulated rail joint failures related to various design of IRJs. In 
the UK, the main  failure mode as shown in Figure 1:26 is insulation failure 29%, fishplate 
Steel Flow 
Deterioration of 
Nylon End Post 
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defect 23%, lipping 17%, swarf contamination 15%, rail failure 12%, bolt defect 3% and 
rail fracture 1% [11]. 
 
Fig. 1:26- Percentage Split of IRJ Failures (Data from [11]). 
1.8- Aims and Objectives 
The overall aim of this study was to use experimental investigations to understand end post 
and end of rail lipping failures and identify optimum end post materials. 
The objectives can be stated as: 
i) Review the common types of damage that affect the performance of insulated rail 
joints. 
ii) Review the previous research/studies on insulated rail joints. 
iii) Test five types of end post materials that are widely used in the field. 
iv) Examine the effect of sliding on end post materials. 
v) Examine the effect of impact damage on end post materials. 
vi) Prove effect of rolling/sliding damage on end post materials.                                                                                                                           
vii) Prove the influence of static compression loads on the end post materials. 
viii) Examine the effect of rail metal follow on end post materials. 
ix) Examine the effect of water on end post wear resistance. 
x) Select the best material that has higher wear resistance and good mechanical 
properties which will lead to improved design and performance of End Posts and 
Insulated Rail Joints (IRJs) when it put in service. 
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1.9- Thesis Outline 
The Thesis is divided into nine chapters. The following is a brief overview of this thesis. 
After the introductory chapter, chapter two contains a literature review consisting of four 
parts: investigation of insulated rail joints (IRJs) using finite element analysis, failure 
analysis, experimental investigation of insulated rail joints and polymer wear. 
Chapter three describes the test rigs, materials, and tests methods used. Block-on-Ring 
tests for all five different types of end post materials in both dry and wet conditions are 
described in chapter four. The analysis of the experimental results is presented, together 
with discussion of the effect of operational parameters on wear resistance of each material. 
Impact tests for all five different types of end post materials in both dry and wet conditions 
are described in chapter five. The analysis of the experimental results is presented, together 
with discussion of the effect of operational test parameters on wear resistance of each 
material. The lipping tests (the effect of rail metal flow) are explained in chapter six. The 
analysis of the experimental results is exhibited, together with discussion of the effect of 
operational test parameters on wear resistance of each material. Rolling/sliding wear tests, 
in both dry and wet conditions are explained in chapter seven. The analysis of the 
experimental results is introduced, together with discussion of the effect of operational test 
parameters on wear resistance of each material. The effect of static compression is 
described in chapter eight. Finally, conclusions of this study are presented in chapter nine. 
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2- Literature Review 
A literature search has been carried out to investigate work that has been done previously 
in the area of Insulated Rail Joints. The studies have been conducted using different 
methods to investigate the problem. Much work has been performed using modelling, and 
the other work has been implemented employing experimental techniques. The results of 
this review are displayed in the first half of the chapter. In the second part, the tribology of 
polymers is outlined to help inform testing of the end post materials and provide data for 
comparison. 
2.1- Experimental Investigations of Insulated Rail Joints  
Myville and Ronal [34] carried out analytical and experimental investigations to find the 
reason for a ridge characteristic seen on the fracture surface of a railroad rail-end bolt hole 
fatigue crack. The obtained results indicated that stress fluctuations resulting from thermal 
expansion of the rail were the main cause of the ridges.  
Dhanasekar et al. [35, 36] presented field testing of dynamic impacts occurring at an IRJ 
due to wheel passages. Strain gauges were used in the throat and foot of the rail in square 
and inclined joints. Vertical, longitudinal and shear strains are reported in the study. An 
automated computer system powered by a solar system was used to collect strain data. 
Changes of microstructure in the vicinity of end posts of insulated rail joints manufactured 
from surface uncoated and coated rail were examined by Rathod et al. [37]. Optical and 
scanning electron microscopy techniques were employed. A laser clad and reference angle 
cut, 6-bolt, insulated rail joints were taken from an Australian standard. Laser cladding was 
implemented by cutting a bathtub shape into the rail head and then using powder laser 
immersion to fill it with 431 martensitic stainless steel. Severe deformation in the head 
hardened area near the surface of the top rail appeared on the ends of the rail of the unclad 
specimen. Metal flow, cracking and spalling damage on the head hardened rail appeared. 
The laser clad IRJ suffered less defects compared with head hardened reference specimen. 
2.2- Investigation of Insulated Rail Joints Using Finite Element Analysis 
Work on modelling using Finite Element techniques has focused on: 
 Effect of a free rail end on contact stress distribution [33]. 
 Impact forces affecting the end of the rail [38]. 
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 The relationship between gap size and impact force [39]. 
 Rail mechanical behaviour due to the action of rolling wheel [40]. 
 Contact impact analysis of the rail joint region [41]. 
 The effect of an insulated rail joints on the rail/wheel contact stresses under 
condition of partial slip [42]. 
 The influence of the rail joint on generation of wheel-rail impact load and 
subsequent material deterioration of the joint [43]. 
 Quantifying railhead material and end post damage and plastic deformation of 
insulated rail joints [23]. 
Significant work has been implemented on insulated rail joints using finite element 
analysis. A number of researchers have conducted modelling methods to study end post 
damage and metal flow, but no experimental studies have been carried on end posts. The 
present work was focused on experimental investigation to improve the end post 
performance. 
2.3- Failure Analysis 
Mandal and Peach [44] carried out an engineering analysis of different designs and failure 
modes of the IRJ and 3D finite element modelling for analysing the stresses experienced 
by three different joint bar size. They used the ABAQUS/ CAE product in their study. The 
longitudinal stress at the bottom and top of the joint bar is determined considering bending 
moment caused by train wheel load on the insulated rail joint. 
Rathod et. al. [37] investigated microstructural changes in the vicinity of the end post of 
insulated rail joints manufactured from uncoated and coated rail using scanning and optical 
electron microscopy techniques. Deteriorated insulated rail joints made from pearlitic head 
hardened rail steel was compared with head hardened rail steel laser coated with 
martensitic stainless steel. Service life of the laser coated steel was longer than the service 
life of the untreated rail. The problems related to the surface were identified and ways for 
developing IRJ’s resistance to rolling contact fatigue proposed. 
Sandstrom et al. [45] monitored several insulated rail joints in the track over three years to 
show degradation. The material was damaged in early stage after installation, even though 
the applied loads were low. The damage of all joints was the same pattern with 
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deformation on the same side. Several joints exhibited cavity-like damage on the off-
station side. During the period of the study the joints degradation and dip rise was shown.  
2.4- Investigation of Polymer Wear  
The purpose of reviewing previous studies of polymer wear was to determine the effect of 
operating factors such as sliding speed, applied load and surface roughness on the wear 
rate of the polymers against steel, as well as to see the wear mechanisms that occur for 
comparison with the results obtained in this study. The review focused on materials similar 
to those used in end posts. 
2.4.1- Investigation of Polymer Sliding Wear  
Holmberg and Wickstrom [46] conducted experimental studies to measure wear rates and 
coefficients of friction for 22 types of polymer materials. A pin-on-disc friction tribometer 
with a flat steel counterpart with surface roughness of Ra= 0.2 µm was used for friction 
coefficient measurement and a multi pin-on-cylinder wear tribometer with a steel shaft 
counterpart with surface roughness of Ra= 0.2 µm was employed for the wear tests. Both 
tests were carried out at speeds of 0.1-1 m/sec and applied stresses of 0.1-1 MPa. The 
coefficient of friction was measured for 0.5-1 hr of running time and the wear tests were 
conducted over 1000 of hrs running time. Low friction and wear rate were measured for 
polytetrafluoroethylenes and polyethylenes. The tribological properties of polymers were 
not always improved as a result of adding of fibres such as graphite, MoS2, and glass.  
Clarke and Allen [48] considered a wet sliding test to investigate the behaviour of sliding 
wear of five polymeric materials. The study was conducted on ultrahigh molecular weight 
polyethylene (UHMWPE), polyoxymethylene (POM), poly(ethylene lerephthalate) 
((PETP), molybdenum disulphide filled polyamide 6 (PA6/MoS2), and graphite filled 
poly(amide-imide) (P(A-1)/GR). A pin-on-disc rig was employed at sliding speeds of 0.13-
2.27 m/ sec. and applied pressures of 1.3-5 MPa on a hardened stainless steel counterface 
with surface roughness of 0.25-1 µm. The wear rate of all studied materials was increased 
due to an increase in surface roughness of the counterface. The wear rate of materials rose 
then decreased and then increased rapidly for all materials as sliding speed was increased. 
The wear resistance was decreased for all materials as load was increased except for 
UHMWPE at a counterface roughness of 1 µm. This was due to an increase of 
temperature.     
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Mens and Gee [48] performed two types of experiment on 18 types of polymers. These 
were polyamide 66(PA66), polyoxymethylen (POM), polyphenyleneterephthalateb 
(PETP), polyetheretherketone (PEEK), polyphenylenesulphide (PPS), and polyetherimide, 
initially using unfilled materials, and then the same materials filled with 
polytetrafluoroethylene (PTFE) or (PTFE plus glass fibre). The first experiment was a 
measurement of coefficient of friction as a function of the contact temperature. The second 
experiment was measurement of wear and friction in a 20 h test. These experiments were 
conducted in air and in water. In air the experiments ran between the polymers and rings of 
ball-bearing steel (AISI 52100), but in water the experiments ran between the polymers 
against rings of stainless steel (AISI 316). The tests were performed at applied loads of 150 
N and 500 N contact pressures of 1.5 MPa and 5 MPa respectively and speed of 0.1 m/sec 
and 0.25 m/sec. The addition of PTFE was generally beneficial in air, but it did not 
function in water and the addition of glass fibres produced unfavourable impacts in water 
and in air. 
Bellow and Viswanath [49] performed an experimental programme to investigate the wear 
behaviour of some polymer materials against a steel counter face. Vertical and horizontal 
pin-on-disc machines were used in this study the tests were conducted at room temperature 
and humidity. Two different steel counterfaces with surface roughness of 0.05-0.4 µm 
were used. The tests were carried out at a surface speed of 0.5 m/sec and applied load of 
88.96 N. No relationship between wear and friction was observed. The wear behaviour of 
polymers material was influenced by counterface roughness. 
Unal et al. [50] undertook experimental studies to investigate the effect of sliding velocity 
and applied pressure on the wear behaviour and friction of polyamide 66 (PA66), 
polyoxymethylene (POM), ultrahigh molecular weight polyethylene (UHMWPE), 30% 
glass fibre reinforced polyphenylene-sulfide (pps=30% GFR) and aliphatic polyketone 
(APK) polymers. The wear and friction tests of polymers against steel were performed at 
dry conditions. A pin-on-disc rig was used. The test was carried out at ambient temperature 
and at sliding velocity of 0.3-2.0 m/sec and applied pressure of 0.3-1.05 MPa. Small 
sensitivity of wear rate due to applied pressure and sliding speed was observed and there 
was inverse relationship between friction coefficient and pressure. 
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Wang and Gu [51] carried out experimental studies to investigate wear and friction 
properties of polymers material. A block-on-ring rig was employed in dry and wet 
conditions at room temperature and at sliding velocity of 0.42 m/sec. and different applied 
loads (50 to 400 N). The tested materials were Nylon 1010 and carbon fibre (CF)- 
reinforced Nylon 1010  composites. The Nylon 1010 wear rate was increased in water, but 
the friction coefficient was decreased in water compared with wear rate and friction 
coefficients in dry conditions. The resistance of wear of CF- >Nylon rose due to CF 
reinforcement. The CF- nylon wear rate in a dry condition was more than eight times, and 
coefficient of friction was reduced to half value in comparison to that in a wet condition 
under a 200 N load. 
Basavarajappa et al. [52] performed dry sliding tests to study the tribological behaviour of 
glass epoxy polymer composites with SiC and graphite particles as secondary filler using a 
pin-on-disc rig. The rotating counterface was En-32 steel with 𝑅𝑎 = 10 µ𝑚. The test was 
performed at sliding speeds of 3, 4 and 5 m/sec, loads of 20, 40 and 60 N and sliding 
distances of 1000, 2000 and 3000 m.  The effect of sliding velocity, applied load and 
sliding period and the percentage of secondary fillers on the resistance of wear were 
studied. A Taguchi technique was employed to obtain data. The effect of test parameters 
on the wear rate was studied by using an orthogonal array and analysis of variance 
(ANOVA). The wear rate was decreased due to the addition of filler materials of SiC and 
graphite composites of glass epoxy. 
From the previous studies of polymers sliding wear, the following information is 
summarised: 
 The wear rate of studied polymer materials was increased as a result of a counter 
face surface roughness increase, and the wear rate increased due to an increase in 
sliding speed and applied load. 
 The coefficient of friction and wear resistance of Nylon materials were decreased in 
water compared with a dry condition. This happens because of the absorption of 
water by Nylon materials which caused different effects, such as: 
 A reduction in the strength of the Nylon and rise in the elongation at break. 
 Chemical corrosion wear increased.  
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 An inhibition of the formation of transfer films of Nylon material debris on the 
counter face. 
 There was an inverse relationship between coefficient of friction and pressure. 
 The wear rate was decreased as a result of addition of filler materials of SiC and 
graphite of glass epoxy composite.  
 There was no information available on the end post materials but the above 
information may help in a comparison with the results obtained from the current 
study. 
2.4.2- Investigation of Polymer Impact Wear  
Bayer et al. [53] considered impact wear tests of different thin polymers. The tests used 
two pivotal hammer systems. The first hammer system with an impact velocity of 89 cm/s, 
gave an impact energy of 31 x 10ᵌ ergs and the second hammer system with the velocities 
of 51-380 cm/s, had an impact energies of 0.8-30 x 10ᵌ ergs. The wear process was 
influenced by heat during hammer contact or overstress. The major heat source was 
fretting motion through contact and the stress distribution was affected by the material 
plasticity. 
In another study Bayer [54] performed impact experiments on several polymers and 
developed a polymer impact wear model and compared the model with the results of 
experiments. Two phases of polymer impact wear were observed. Phase one does not lead 
to loss of material. The other one leads to a loss in material due to increases of wear rate 
and cracks seen in the wear surface.   
2.4.3- Investigation of Polymer Wear in Rolling-Sliding Contacts 
Kukureka et al. [55] carried out twin-disc tests to investigate the influence of fibre 
reinforcement on the wear resistance and coefficient of friction of polyamide 66 in a 
rolling-sliding contact. The tests were performed at  rotational speeds within a range of 
500-1500 rpm, applied loads of 50-600 N and slip ratios between 0-30%. The tests 
examined short fibre aramid, carbon and glass with composites against identical materials. 
The coefficient of friction was reduced due to using of glass fibre reinforcement. 
Chen et al. [56] considered a twin-disc test to investigate the influence of many metallic 
counter face materials and surface treatments on the wear resistance of polymers and 
polymers composite in a dry case. The polymers studied were unreinforced polyamide 66 
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and itʼs composite Resorcinol Formaldehyde Latex (RFL4036). The metallic materials 
were brass, steel and aluminium and the surface treatments were tuffride treated and 
magnesium phosphate treated. The experiments were performed over a range of slip ratios, 
an applied load of 300 N and a rotational speed of 105 rad/sec. The wear rate and friction 
coefficient for the polyamide composite was less than the wear rate and coefficient of 
friction for the unreinforced polyamide 66 when run against aluminium and steel counter 
face. Whilst the polyamide 66 had a higher wear resistance than the composite when tested 
against a brass counter face. The steel surface treatment had a clear influence on the wear 
resistance, coefficient of friction and wear mechanism of the polyamide 66 composite. The 
features of the counter face metallic materials and the surface treatment control the wear 
mechanism of polyamide 66 and its composite. 
Avanzini et al. [57] conducted experimental work on unfilled PEEK and on three PEEK 
short fibre reinforced composites against steel to investigate wear and rolling contact 
fatigue. A four roller test bench was used in this investigation. The rolling contact in dry 
conditions and pure rolling, applying a constant (Hertzian) contact theory to each roller 
were achieved. Various applied loads were used for each type of material, to draw a 
pressure life diagram. Contact pressure varied from 80 MPa to 160 MPa. Rotating velocity 
was 500 rev/min. for the unfilled PEEK and 800 rev/min for the filled PEEK. The number 
of cycles was 10,000,000 and cooling air flow was used. Wear damage was detected as 
micro-pitting for unfilled PEEK and as delamination for filled PEEK. Filled PEEK 
material presented a lower wear rate compared with neat PEEK material. Different rolling 
contact fatigue damage for neat PEEK and composite rollers resulted. Deep cracks showed 
in the neat PEEK materials.   
Hoskins et al. [58] used a twin-disc configuration to examine the behaviour of rolling-
sliding wear of two PEEK discs. The tests were carried out in dry conditions. The tests 
were conducted at a rotational speed of 1000 rpm, range of applied loads of 100, 200, 300 
and 400 N and range of slip ratios of 3.92%, 14.29% and 28.57%. The specimen surface 
roughness was 5 µm. Contact fatigue and thermal wear were observed. The mechanisms of 
failure were due to structure of the contact surface.   
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2.4.4- Investigation of Polymer Static Compression Failures 
Boll et al. [59] employed a polarized-light microscopy technique to study the compression 
manner of single carbon filaments embedded in epoxy polymer block. The test piece was 
placed in side supporting key ways with a clearance of 1.2 x 10−2 mm. Hydraulic load was 
applied. A microbuckling failure mode was not observed. The shear failure was the basic 
mechanism of failure. 
Jelf and Fleck [60] have investigated the compressive failure of composite materials. The 
tests were carried out on rectangular specimens (width = 45 mm, thickness = 8 mm and 
height = 60-170 mm). The specimens were compressed between two plates at a strain rate 
of 0.02 mm/sec. Four different types of failures of composite materials were recognized 
(failure of fibres, failure of the matrix, permanent microbuckling and elastic 
microbuckling). Permanent microbuckling was the most common failure mechanism. The 
compressive failure of A54/PEEK composite material was described.   
Chen and Zhou [61] conducted quasi-static experiments to produce stress-strain curves for 
epoxy, Epon 82 2/T-403. The experiments were conducted at strain rate of 1.1 x 10−1 to 
5.2 x 10−3 𝑠−1.  The results obtained showed that the epoxy compressive strength 
increased with an increasing rate of strain. 
Roslan et al. [62] studied the compressive properties of carbon fibre reinforced plastic. 
Three axial compression tests were performed Quasi-static, low strain and drop hammer. 
Quasi-Static axial compression tests were carried out using an Instron Universal test in a 
machine at a rate of 0.5 mm/min. and low strain rate tests were performed using a servo 
hydraulic, Development and Production (RDP) machine at different rates. The transverse 
compressive properties were obtained. A degree of non-linearity appeared in the stress-
strain curve. The compressive strength and ultimate stress rose with increasing rate of 
strain. 
Brown et al. [63] conducted quasi-static tests on an Instron electro-mechanical universal 
test machine to investigate the influence of rate of strain on compression, tensile and shear 
behaviour of Epoxy-Glass/Polypropylene woven fabric material. The specimens were 
loaded between two flat plates at a crosshead speed of 5 mm/min. The results obtained 
illustrated that the modulus of elasticity in tension and compression and strength rose with 
increasing strain rate, but the shear modulus and strength decreased.   
 
 
25 
 
 
 
 
2.5- Comparison between Previous Studies and Current Study 
Table 2:1- Comparison between Previous Studies and present Study 
Previous Studies Current Study 
1- Finite element method was conducted to 
investigate metal strain, end post 
materials and end post thickness.  
1- Instead of finite element analysis, 
current study implemented experimental 
work to examine the wear resistance of 
metal flow, end post materials and end 
post thickness.  
2- Pin-on-Disc was used to examine the 
wear rate of some polymeric materials. 
The following results were obtained:  
i) Wear rate increased due to increase in 
surface roughness [47]. 
ii) Wear rate increased when sliding speed 
increased [47]. 
iii)  Wear rate rose when applied load 
increased due to increase in contact 
temperature [47]. 
iv) The wear rate was decreased due to 
addition of filler material of SiC and 
graphite of glass epoxy [48]. 
v) Wear behaviour of polymers was 
influenced by counter face roughness 
[49]. 
vi) Small sensitivity of wear rate due to 
applied load and sliding speed was 
observed [50]. 
2&3- Pin-on-Disc was not suitable method 
for simulating wear in the current 
study. Block-on-Ring was a suitable 
method in this field. It has not been 
used before to examine wear 
resistance for end post materials. 
The results obtained from this study 
were similar with the results obtained 
by [51].  
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vii)  Addition of glass fibre produced an 
unfavourable impact in water and air 
[52]. 
3- Block-on Ring was used to examine 
wear behaviour of polymers material 
[48]. The results obtained showed that 
Nylon wear were rate was increased in 
water decreased in water composite 
materials.                                                                                                                                                                                                             
 
 
 
 
 
 
 
 4-  Pin-on-Disc rig was employed to 
investigate the effect of sliding speed 
and load on the coefficient of friction of 
polymers material. 
The obtained results illustrated that: 
i) There was inverse relationship between 
friction coefficient and load [47]. 
ii) The tribological properties of polymers 
were not always improved as a result of 
adding of fibres. 
5-  Pivotal hammer system was used to 
consider impact wear test of different 
thin polymers [53]. 
The wear process was effected by heat 
during heat during hammer contact or 
over stresses. 
6-  Impact experiments were conducted on 
several polymers [54]. Two phases of 
impact damages were observed 
i) Damage did not lead to loss of material. 
ii) Damage lead to loss of material and 
4-  Pin-on-Disc was employed in current 
study to examine the effect of sliding 
speed and applied load on friction 
 
 
 
 
 
 
5&6- Ball-on-Plate was used in current 
study to investigate the end post 
materials impact wear resistance. The 
results showed that the impact 
damage was plastic deformation 
without material loss in nylon, and 
wear with material loss and cracks for 
composite materials. 
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cracks seen in the wear surface.  
  7- Twin-Disc machine was employed to 
examine the behaviour of a 
rolling/sliding contact with PEEK, [58] 
The mechanisms of failure were due to 
structure of the counter surface 
7-  Twin-Disc machine was used to 
investigate the effect of a rolling/sliding 
contact on end post materials. The 
damage was severe wear due to high 
load, temperature and effect of partial 
sliding and full rolling. 
  8- Static compression test was used to 
examine the compression manner of 
polymers and composite materials. The 
results appeared that: 
i) The basic mechanism of failure of 
composite materials was shear failure 
[59]. 
ii) Four different types of failure of 
composite materials were recognized 
(failure of fibre, failure of matrix, 
plastic and elastic microbukling) [61]. 
iii) Epoxy compressive strength increased 
with an increasing of strength rate 
strain [61-63]. 
8-  Tinius Olsen-H25kN machine was used 
in this study to investigate the resistance 
of end post materials to static 
compressive. Nylon material had elastic 
and plastic deformation, while the 
composite materials had fibre and matrix 
failure, but failure mechanism was shear 
failure. 
 
In the past significant work has been carried out to study wear resistance of polymer 
materials. A number of researchers have conducted sliding tests such as (Pin-on-Disc and 
Block-on-Ring) and others employed rolling/sliding contact tests (twin-disc machine) and 
static compression test and a few researchers achieved impact tests, but the effect of sliding 
wear, impact wear, rolling/sliding contact wear and static compression test on the end post 
in field of railway network has not been investigated.  The experimental work is more 
realistic than using other techniques such as finite elements analysis and the results are 
more reliable.  
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2.6- Summary   
2.6.1- IRJs     
There are a lot of reasons identified that lead to insulated rail joints failure including (in 
order of significance):  
1- Cracking and loosening of the end post    
2- Loss of epoxy     
3- Curvature and breaking of joints bar due to excessive loads 
4- Rail end metal flow 
5- Bending, break and loss of bolts due to excessive loads 
While end posts are critical and their failure can promote other issues such as rail dipping 
(leading to bar failure and fracture), rail metal flow and lipping etc., they have not been 
well investigated. 
2.6.2- Polymers  
The review of polymer tribology indicated that very little relevant data was available for 
end post materials. Virtually no impact work has been carried out at all.  
Many projects are reported in the literature that were intended to develop the present 
design of insulated rail joints. Much work has been performed using finite element analysis 
method, but these studies did not deepen to find solutions to problems resulting from the 
failure of end posts, and few had relevant experiments to validate outcomes. A lot of 
difficulties that lead to the failure of insulated rail joints are due to end post failure.  This is 
what prompted the topic of this PhD to try to study these defects and investigate them 
experimentally in order to contribute to the further development and improvement in the 
performance of insulated rail joints. 
2.7- Novelty in Methods 
This study provides the first use of four types of test apparatus to achieve five experiments 
in this field on these types of end post material. They were previously employed, but not in 
the field of investigation of insulated rail joints especially in end post materials. 
 The first rig used in this study is a Block-on-Ring test apparatus. This rig is a new 
application in this field and for these materials.   
 
 
29 
 
 The second rig was a Pneumatic Ball-on-Plate impact tester and is not used before 
in this field and not used to test the impact wear for these types of material or 
similar. 
 The third machine used in this research was a Twin-Disc Test machine. This 
machine has been used before to examine rolling/sliding wear for rail steel against 
train wheel steel, but it has not been used prior to investigate rolling/sliding wear 
for end post material against train wheel steel. The holder of specimens of end post 
material was designed and used for the first time in this experiment. 
 The fourth device was employed to test the failure caused by static compression 
load was a Tinius Olsen-H25kN hydraulic test machine. It has been employed to 
examine the effect of static compression load on the end post materials. This 
machine first time used to investigate these end post materials.   
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3- Test Method and Materials 
3.1-Introduction 
To study wear and deformation of the materials, the processes of wear must be simulated 
in a controlled manner that represents as accurately as possible what happens in the field 
and the effect on different specimens studied with the same test conditions. In this chapter 
the loading conditions existing in the rail and end posts are outlined and the tests chosen to 
replicate them are described. Table 3:1 outlines the contact scenarios and Table 3:2 the 
tests available to replicate these. 
3.2- Test Apparatus 
To achieve this study and investigate wear and damage of five different types of end post 
materials as a result of exposure to railway wheel loading; four different types of apparatus 
have been used as indicated in Table 3:2: 
 Block-on-Ring Rig 
 Twin- disc Machine 
 Ball-on-Plate Impact device 
 Tinius Olsen-H25ks 
Table 3:1- Contact Scenarios - Wheel/Rail and IRJ. 
 
 
  
1- Train Wheel rolling over Rail 
 
 
  
 
2- Train Wheel Approaching Insulated Rail Joint Region (Compression). 
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3- Train Wheel Rolling over Insulated Rail Joint Region (Rolling/Sliding Wear and 
Lipping).  
 
 
  
 
4- Train Wheel Impacts End Post (Impact Wear). 
 
 
 
  
5- Train Wheel Sliding over Insulated Rail Joint Region (Sliding Wear and Lipping). 
 
 
 
 
6- The Rails Extend and Compress the End Post 
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Table 3:2- Outline of Test Approaches Used to Replicate Contact Conditions.  
Loading that Occurs to End Post Material Due to Passage of Train Wheel 
 
 
 
(1) 
 
Test Name (Contact Scenario) Test Sketch 
                                                                                                                                 
    Sliding Wear 100% Slip - - - Block-On-Ring Test (5) 
 
 
 
 
    Rolling/Sliding Wear (Partial Slip) - - - Twin Disk Test (3) 
 
 
 
 
 
    Impact Wear - - - Impact Test (4) 
 
 
 
 
    Lipping Test 100% Slip - - - Block-On-Ring Test (5) 
 
 
 
 
     Lipping Test (Partial Slip) - - - Twin Disk Test (3) 
 
 
 
 
 
            Static Compression Test - - - Tinius Olsen-H25ks (6) 
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3.2.1- Block-on-Ring Rig 
One standard way to perform a wear test is with a Block-on-Ring approach. The rig has 
been employed extensively in the field of sliding wear [65-67]. 
The apparatus is a convenient way of simulating the sliding wear which is detected in end 
posts. The ring can represent the “wheel” and the “block” the end post. Figure 3:1 displays 
the Block-on-Ring rig utilized to carry out the testing. The maximum speed that can be 
used on the rig is 7.2 m/sec. and the minimum speed is 1.5 m/sec. and 50 N is the 
maximum load that can be used. An electrical motor provided the required velocity via a 
transmission belt and six different pulleys that allow nine different speeds to be achieved. 
The test block and ring are loaded together. The rig was driven at a controlled sliding 
velocity with a slip between the contacting steel ring and specimen block. This was used 
for dry and wet sliding wear tests (see Section 3.4.1) and the 100% slip ratio lipping tests 
(see Section 3.4.2). 
 
 
 
 
Fig. 3:1- Schematic Diagram of Block-on-Ring Test Rig. 
3.2.2- Twin-Disc Machine 
Many applications relating to the field of tribology are implemented by using a twin-disc 
machine [67]. The machine has been used in the field of lubricant development [68, 69] 
and plays a significant role in the field of research relating to railway development (rail-
wheel contacts) [70, 73]. The twin-disc machine system is suitable for simulating the 
lipping and the rolling/sliding wear found in end posts, which can achieve the partial slip 
ratio (1%) between train wheels and end post. Figure 3:2 illustrates the twin-disc machine 
that was employed to achieve the testing. The basic developments that added to this 
machine and the other additional work that connected it with a computer control system 
have been discussed earlier [74, 75]. A hydraulic system is used to load the specimen test 
Ring 
Test Block 
Speed Pulley 
Transmission Belt 
Motor Load 
Static Load 
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discs together (see Figure 3:3) and they are driven at controlled speed by two separate 
electric motors with the relative slip ratio adjusted using the rotational speeds. A load cell 
is fixed below the hydraulic jack and a torque transducer is contained in one of the drive 
shaft. A PC is used to record all data and for load and speed control. This machine has 
been employed for rotating wear tests and the partial slip lipping test (see Sections 3.4.3 & 
3.4.2.2). 
 
 
 
Fig. 3:2- Twin-Disc Test Machine Schematic. 
 
                                            
 
 
 
 
 
 
Fig. 3:3- Schematic Diagram of End Post Material Disc and Train Wheel Disc Contact in a 
Twin-Disc Machine. 
3.2.3- Pneumatic Ball-on-Plate Impact Rig 
No standard has been written for impact tests, so there are many types of impact test being 
achieved without any standardized method to compare the results obtained [76]. Many 
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applications relating to impact wear resistance and deformation of coatings are tested by 
ball-on-plate rigs [77-82]. The pneumatic ball-on-plate rig is an appropriate way of 
simulating the impact wear located in an end post. The test apparatus design was explained 
previously [76, 83, 84]. The pneumatic ball-on-plate rig, as shown in Figure 3:4, uses a 
pneumatic actuator to move an impact head assembly holding a 6mm diameter ball in a 
cyclic down and up motion against a specimen plate (see Figure 3:5) with an impact 
frequency of 8-10Hz. The load cell under the specimen plate is used to measure the impact 
load. The distance between the steel ball and specimen plate is 15 mm. 500N is the 
maximum impact load that can be used. The test duration is controlled by computer [85]. 
This was used for dry and wet impact wear tests (see Section 3.4.4). 
 
 
 
 
Fig. 3:4- Schematic of the Pneumatic Ball-on-Plate Tester. 
 
 
 
 
 
 
Fig. 3:5- Schematic of the Movement of the Pneumatic Actuator. 
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3.2.4- Tinius Olsen-H25ks Machine      
One standard way to perform a compressive static load test is with a Tinius Olsen-H25kN 
machine (see Figure 3:6). The machine has been used widely in the field of static load 
compressive tests [85-87]. The Tinius Olsen-H25kN machine is an appropriate way of 
simulating damage caused by compressive static load located in the end post. The test 
machine specification was explained in [88]. Figure 3:6 shows the Tinius Olsen-H25kN 
machine. The maximum load that can be used on the machine is 25 kN. 
 
 
 
 
 
 
Fig. 3:6- Schematic of Tinius Olsen-H25kN 
3.3- Specimens and Material Properties 
Prospective end post materials for use in insulated joints need many special properties that 
are necessary for their successful function as an end post. They must possess a high 
electrical resistivity to effectively provide the electrical insulation required of insulated 
joints. They must also have mechanical properties that allow them to withstand the high 
loads facing them when the joint is in service. Insulated rail joints, along with heavy loads, 
are subjected to a rough service environment including oil, temperature changes, rain, 
snow, and other environmental effects. The end post materials used in track must be able to 
withstand this severe environment. Five different materials have been tested in this study: 
Nylon 12 (N12) with a surface roughness of Ra ≅ 1 µm; Nylon 66 (N66) with a surface 
roughness of Ra ≅ 1 µm; Nylon 66a (N66a) with a surface roughness of Ra ≅ 1 µm; 
epoxy glass (EG) with a surface roughness of Ra ≅ 1.6 µm; and phenolic resin bonded 
fabric material (PRBF) with a surface roughness of Ra ≅ 1.4 µm; which is equal to the 
surface roughness of a real end post. Some of the important properties of these materials 
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are shown in Table 3:3. All are typically used on the UK rail network although at the 
moment Nylon 12 is being used to replace the most commonly used Nylon 66. 
Table 3:3- End Post Material Properties [89-92]. 
Materials 
Max. 
Service 
Temp. 
(C⁰) 
Density 
(g/cm³) 
Modulus 
of 
Elasticity 
(MPa) 
Compressive 
Strength 
(MPa) 
Impact 
Strength 
(KJ/m²) 
Water 
Absorption 
(%) 
Melting 
Point 
(C⁰) 
N12 80 1.02 1800 - 
No 
break 
1.6 179 
N66 95 1.14 3100 - 
No 
break 
1.6 210ˡ 
N66a 95 1.20 3100 - 
No 
break 
0.8 210² 
EG 130 1.92 240 300/420 55 0.05 - 
PRBFM 130 1.35 240 200/350 8.8 1 - 
ˡ and ², theoretical onset melting point value that was measured using Differential Scanning 
Calorimeter (DSC) (see Section 3.3.1). All other values taken from material specifications 
provided by suppliers. 
Thermosetting materials EG and PRBF never melt, unlike thermoplastic materials of N 12, 
N 66, and N 66a melt at a certain temperature. The thermoplastic materials have higher 
propriety to absorb water which led to becoming more effect with water. The thermosetting 
materials have lower modulus of elasticity which, making them less likely to fall into 
elastic and plastic deformation stages. The Nylon 66 material has greater propriety to 
absorb water than Nylon 66a, which led to it becoming soft and weak (see table 3:4). 
3.3.1- Melting Point Test                                                                                                                       
Melting point tests were performed using a Differential Scanning Calorimeter ( DSC). In 
this test [93]: 
i) The machine was set-up and the start temperature was selected (25 ⁰C).  
ii) Small pieces of the specimens are taken. 
iii) Specimens were placed in the pan which was closed tightly and then put in the DSC. 
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iv) Temperature was increased gradually until the melting point was reached and 
measured. 
The melting point values of Nylon 66 (N66) end post material, and Nylon 66a (N66a) were 
about 210 ⁰C as shown in Figures 3:7 and 3:8. As shown in Figures 3:9 and 3:10, the 
Epoxy Glass (EG) end post material, and Phenolic Resin Bonded Fabric Material (PRBF) 
did not melt, but decomposed at high temperatures (almost 700 ⁰C). 
 
Fig. 3:7- Melting Point of Nylon 66 (N66) End Post Material. 
 
Fig. 3:8- Melting Point of Nylon 66a (N66a) End Post Material. 
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Fig. 3:9- Epoxy Glass (EG) End Post Material Showing no Melting Point. 
 
Fig. 3:10- Phenolic Resin Bonded Fabric (PRBF) End Post Material Showing an Endo- 
Thermic Transition. 
3.4- Testing 
The objective of the wear testing to was to verify the wear resistance of end post materials 
in different operating conditions resulting from sliding of a train wheel, rolling/sliding of 
the train wheel, impact from a wheel, and compression from the rail movement due to the 
wheel load (see Tables 3:1 and 3:2). While the purpose of the lipping testing was 
investigation of the influences of metal flow occurring at the end post gap. 
Different types of testing have been performed on five different types of end post material. 
A dry and wet sliding wear test has been performed on a Block-on-Ring rig and this test is 
described in Section 3.4.1. A friction test has been performed on a CETR tribometer and is 
described in Section 3.4.1.1. The lipping test has been done on the Block-on-Ring 
apparatus at a slip of 100% and on a twin disk machine with a partial slip of 1% and this 
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will be described in Section 3.4.2. A rotating wear test again with partial slip of 1% has 
been achieved on the Twin-Disk machine (wheel against end post) and this experiment will 
be explained in Section 3.4.3. An impact test has been implemented using a Pneumatic 
Ball-on-Plate Impact ring tester and is described in section 3.4.4. Finally, the compression 
cyclic test is described (see Section 3.4.5). It should be noted that some experimental 
parameters were used for reality and some only for ranking. 
3.5- Test Methods 
3.5.1- Dry and Wet Sliding Wear Test (Block-on-Ring) 
This test method evaluated the performance of materials in a sliding contact. The Block-
on-Ring test is generally employed as a comparative test in which controlled wear is 
implemented on the specimens to study. The material lost allows calculation of the wear 
rate of the material. When wear data are reported, the overall wear rate (𝑊𝑅) during 
sliding is often calculated by dividing the total measured wear volume, Vt, at the end of the 
test by the test time duration 𝑇𝑡 or total sliding distance 𝑋𝑡: 𝑊𝑅 =  𝑉𝑡 𝑋𝑡⁄
 or 𝑊𝑅 =
 𝑉𝑡 𝑇𝑡⁄
. This method assumes that the wear rate is constant and wear mechanisms are 
steady during the test and that the average wear rate is characteristic of the whole test. 
Since a similar action was carried out on all specimens, the wear rate can be employed as a 
quantitative comparative value for wear resistance. Wear resistance is not a characteristic 
material property, but depends on surface geometric features, material properties and wear 
process parameters such as sliding speed, temperature, load, test duration, and 
environment. In this test: 
i) Initially the measuring instruments used were calibrated. 
ii) The test specimens were machined into blocks 5mm x 5mm x 32mm, as shown 
in Figure 3:11. 
iii) The rings were machined into a cylindrical shape, 42mm diameter and 10mm 
length with surface roughness of Ra ≅ 1 µm  as shown in Figure 3:12. 
iv) The specimens were carefully cleaned and dried then weighed. 
v) The surface roughness of the test surfaces were measured by profilometer for 
all specimens. 
vi) The contact surfaces of specimens were photographed using an optical 
microscope. 
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vii) The test sheet was filled in with pre- test information. 
viii) The ring was fixed into a holder on the rig (see Figure 3:12). 
ix) The appropriate loads were selected and mounted into a holder. 
x) The appropriate sliding speeds were set. 
xi) The end post specimens were placed into a holder and placed into contact with 
the rotating steel ring, with a known force and speed, to create the wear. 
  
Fig. 3:11- Schematic of End Post Specimen.   Fig. 3:12- Schematic of Steel Ring. 
An overview photo of the test set-up can be seen in Figures 3:13. 
 
Fig. 3:13- Block-on-Ring Test. 
With this type of test, conditions can be varied as there is control of sliding speed, the load 
applied, the duration of test and the material and geometry of the contact line. The tests 
were carried out at a sliding speed of 1.5 m/sec., 3.3 m/sec., and 7.2 m/sec. Under various 
constant loads of 10 N, 30 N, and 50 N and during a period of 60 minutes, with 
measurements of wear rate were taken at 5 minutes, 25 minutes, and 30 minutes. All tests 
were conducted at ambient temperature and humidity. 
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Specimens, in the case of a wet test, were dried at the start and end of the test to ensure 
accurate mass loss measurement. 
i) The specimens were weighted before the test. 
ii) The specimens were weighed after the test. 
iii) The specimens were placed in an oven at a certain temperature (lower than 
melting point temperature) for each material.  
iv)  The weight was then measured using an electronic balance. 
v) The weighing process was repeated till the last three weight values become 
equal. 
One way of comparing test conditions to those in the field is via the energy within the 
contact. In this case it can be calculated as Tγ (normal force x friction coefficient  x  slip in 
the contact) and scaled via the contact area (see Appendix A). For the Block-on-Ring Tγ/A 
values of 0.084 to 6.20 were calculated (using µ values from tests described in section 
3.5.1.1). Typical field values for Tγ/A are shown in Figure 3:14; the Block-on-Ring tests 
are in the right regime. Because there is not a suitable reference for the energy within the 
contact for the UK network, energy within the contact of a Canadian rail network was used 
for comparison (see Figure 3:14). This shown that the Tγ/A for the Block-on-Ring tests 
was in the right regime.  
 
Fig. 3:14- Data for NRC Modelling of Wheel/Rail Contact Using Multi body Dynamics 
Software [Informal Communication with Eric Magel, NRC, Canada]. 
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The volume loss is measured as follows: 
𝛥𝑉 =  𝑉0 − 𝑉1 (1) 
𝑉0 =  𝑊0/𝜌 (2) 
𝑉1 =  𝑊1/𝜌 (3) 
where 𝑉0  = volume of specimen prior to testing. 
           𝑉1   = volume of specimen after test. 
           𝑊0 = mass of specimen prior to testing. 
           𝑊1 = mass of specimen after test. 
             ρ   = density of material. 
3.5.1.1- Coefficient of Friction Test 
The friction tests were carried out on a pin-on-disc rig (CETR) as shown in Figure 3:15 
(this was used as the Block-on-Ring has no friction measurement capability). End post 
specimens were loaded against wheel steel discs in this set-up (see Figure 3:16). 
 
Fig. 3:15- CETR Machine. 
 
 
 
 
Fig. 3:16- Schematic for Pin and Disc. 
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In this test: 
i) The specimens were machined into cylinders with a 5mm diameter and 28mm 
length, then cleaned and dried. 
ii) The surface roughness of specimens was measured by profilemeter.  
iii) The disc was mounted into a holder. 
iv) The software was set and the appropriate speeds and loads (those which were used 
in Block-on-Ring test) were selected. 
v) The end post specimens were fixed into a sample holder and brought into contact 
with the disc, with a known force and speed. 
vi) The tests were carried out at a rotational speed of 1.5 m/sec, 3.3 m/sec, and 7.2 
m/sec at loads of 10 N, 30 N, and 50 N, and then the average coefficient of friction 
was calculated. 
3.5.1.2- Hardness Test 
The Shore (Durometer) hardness test was used in this study to measure the hardness of end 
post materials under study in dry and wet conditions. In this test the hardness of end post 
materials was measured in dry condition first and then the specimens were immersed in 
water for one hour and then hardness was remeasured. Table 3:4 shows the value of 
hardness of each end post material in dry and wet conditions.   
          Table 3:4- Shore D hardness Value of End Post Material. 
Shore Hardness (D)  
Condition N12M N66m N66aM EGM PRBFM 
Dry 232.43 230.39 239.38 742.65 592.66 
Wet 190.98 131.27 194.37 701.40 547.43 
% Change of Hardness 18 43 18 5 7 
 
3.5.2- Lipping Test 
The End Post material used in this test was best material from the previous test (Epoxy 
Glass material).  
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3.5.2.1- 100% Slip Ratio Lipping Test (Block-on-Ring) 
This test was carried out on the Block-on-Ring tester (see Figure 3:17). The samples under 
study here were steel (rail material) and end post materials against railway wheel steel. 
 
Fig. 3:17- Schematic of the Lipping Test Set-up. 
i) The rail steel material was machined into blocks 5mm x 5mm x 32mm with a 
surface roughness of Ra ≅ 1 µm, then cleaned and arranged like an actual joint 
as shown in Figure 3:17 
ii)  The end post material Epoxy Glass (EG) was machined into blocks 1mm x 
5mm x 32mm in size, then cleaned and arranged like an actual joint as seen in 
Figure 3:17. 
iii) The surfaces roughness of the ring contact surface was measured by 
profilometer (Ra ≅ 1 µm). 
iv) The rings were mounted into a holder. 
v) The end post specimens were placed between steel specimens then mounted 
into a sample holder and brought into contact with the ring as shown in Figure 
3:18. 
vi) The tests were performed at a sliding speed of 7.2 m/sec., under a constant load 
of 50 N, and through 60 minutes. 
 
 
 
 
Fig. 3:18- Schematic of the 100% Slip Lipping Test Specimen Set-up. 
End post Steel 
Steel 
Lip 
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3.5.2.2- Partial Slip Ratio Lipping Test 
A (1%) partial slip ratio was used in this test [94]. This test was implemented on a Twin-
Disc machine. The samples under study here were steel (rail material) and end post 
materials against railway wheel steel. 
3.5.2.2.1- End Post Specimen Thickness Determination 
The following section outlines the process used to select the end post thickness used in the 
twin-disc tests. 
When two bodies with varying radii of curvature  along x-y axes are in contact, the region 
of contact is approximately elliptical in form (see Figure 3:19).  
 
Fig. 3:19. Two Different Radii Bodies in Contact [95]. 
The dimensions of the area of contact can be calculated using the following expressions: 
𝑎 = √
3𝑘²𝐸𝑃𝑅
𝜋𝐸∗
3
 
(4) 
𝑏 = √
3𝐸𝑃𝑅
𝜋𝑘𝐸∗
3
      
 
(5) 
1
𝑅𝑥
=
1
𝑅1𝑥
=
1
𝑅2𝑥
     
 
(6) 
1
𝑅𝑦
 =  
1
𝑅1𝑦
 =  
1
𝑅2𝑦
  
 
(7) 
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1
𝑅
 =  
1
𝑅𝑋
 =  
1
𝑅𝑦
 
(8) 
where k is the ellipticity parameter= 𝑎 𝑏⁄ = 1.0339(
𝑅𝑦
𝑅𝑥
)
0.6360 
E is an elliptical integral of the second kind = [1.0003] +
0.5968𝑅𝑥
𝑅𝑦
 
An actual wheel/rail contact is approximately elliptical. Actual contact dimensions in a real 
contact are: 
According to 54EN1 profile: R(rail)= 300 mm and according to P8 profile: R(wheel)= 450 
mm. 
                                Table 3:5- Summarised Wheel and Rail Radii (Data from [14, 28]). 
 Rx (mm) Ry (mm) 
Wheel 300 450 
Rail 300 ∞ 
 
For a typical contact pressure of 1500 MPa 
a = 3.95 mm and 2a = 7.90 mm, where a = semi contact length 
b = 5.51 mm and 2b = 11.02 mm, where b = semi contact width 
Actual end post thickness in a real IRJ = 6-15 mm (see Figure 6:3).   
The ratio of end post thickness to actual contact width is therefore: 
i) In the case of an end post thickness of 6 mm: 6
2𝑏
= 6
11.02
= 0.544 
ii) In the case of an end post thickness of 15 mm: 15
2𝑏
 = 15
11.02
= 1.36 
The contact in the twin-disc case is a line. Hertz line equations were used to calculate the 
end post specimens thickness at a contact pressure of 1500 MPa. 
𝑎 =  √
4𝑃𝑅
𝜋𝐸∗
      
 
(9) 
1
𝑅
=
1
𝑅1
+
1
𝑅2
     
 
(10) 
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1
𝐸∗
=
(1 − 𝜈1
2)
𝐸1
+
(1 − 𝜈2
2)
𝐸2
   
 
(11) 
where a = contact half width, 
            P = load per unit width, 
            E₁, ν₁, E₂ and ν₂ = Material properties, 
            R₁, and R₂ = contact radii. 
These calculations give: a= 0.3 mm and 2a= 0.6 mm 
The end post thickness in the test was therefore scaled as follows (see Figure 3:20): 
i) The ratio of low end post thickness to line contact width = 𝑥1
2𝑎
 = 
𝑥1
0.6
 = 0.544 
                  𝑥1= 0.33 mm (it was rounded up to 0.5 mm), where 𝑥1 = lower end post 
thickness in the test. 
                  𝑥1 represents the lower end post thickness of 6 mm in a real joint. 
ii) The ratio of high end post thickness to line contact width = 𝑥2
2𝑎
= 𝑥2
0.6
= 1.36 
                    𝑥2= 0.82 mm (it was rounded up to 1 mm), where 𝑥2=higher end post thickness 
in the test. 
                    𝑥2 represents the higher end post thickness of 15 mm in a real joint. 
 
   
 
Fig. 3:20- Schematic of Actual End Post 
Thickness 
Fig. 3:21- Schematic of End Post Specimen 
Thickness 
In this test: 
i) The rail steel material was machined into a disc with a 46 mm diameter and 
10mm thickness with surface roughness of Ra  ≅ 1 µm. 
6-15 mm 
0.5-1 mm 
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ii) The disc was machined with 3 grooves, 0.5mm x 10mm x 3mm, and 3 grooves, 
1mm x 10mm x 3mm. 
iii) The end post material Epoxy Glass (EG) was cut into blocks 1mm x 10mm x 
3mm, and 0.5mm x 10mm x 3mm in size and then glued in the grooves, then 
cleaned and dried. 
iv) The wheel steel disc was machined into a cylindrical shape with 46 mm 
diameter and 10mm thickness with surface roughness of Ra  ≅ 1 µm. 
v) The disc specimens were cleaned and mounted into a holder. 
vi) The tests were performed at rotating speeds of 400 rpm [97] slip 1%, contact 
pressures of 900 MPa, and 1500 MPa (typical actual contact pressure) [96], and 
for 2000 and 20000 cycles (see Figure 3:22). 
 
 
 
 
 
 
Fig. 3:22- Schematic of 1% Partial Slip Specimens. 
3.5.3- Dry and Wet Rolling/Sliding Wear Test 
One way to perform a wear test is with a twin disc set-up. This test method evaluates the 
performance of materials in a rolling/sliding test. The twin disc test is usually employed as 
a comparative test in which controlled wear is implemented on the specimens under study. 
The wear resistance of five types of end post material against wheel steel and the influence 
of load, rotating speed, and time on the wear resistance of these end post materials will be 
determined. In this test: 
i) The specimen holder was designed and manufactured in the Mechanical 
Engineering department workshop (see Figure 3:23). 
 
W 
Rail Disc 
Wheel Disc 
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Fig. 3:23- Twin-Disc Machine End Post Specimen Holder. 
ii) The disc specimens were cut from end post materials and wheel steel sections 
into a disc, 47 mm in diameter and with a contact width of 6 mm and 10 mm 
respectively. 
iii) The specimens were carefully cleaned and dried then weighed. 
iv) The surface roughness of test surfaces was measured by profilometer. 
v) The contact surfaces of specimens were photographed by an optical 
microscope. 
vi) The specimens were placed into the holder on the rig and brought into contact 
with each other, with a known force, speed, and slip to create the wear as shown 
in Figure 3:24. 
The tests were achieved employing the end post disc as the breaking disc and the steel 
wheel disc as the driving disc (see Figures 3:24 and 3:25). The tube at the top of the 
machine was used to drip in the water in the case of the wet test condition The tests were 
carried out at a rotational speed of 400 rpm, a slip of 1% and a contact pressure of 200 
MPa (see Figure 3:26) which is similar to the real wheel/end post contact [96]. Contact 
calculations are shown in Appendix A. The tests were first run dry, then wet with water 
(rain water was used). The water was applied at two drops per second (that is enough to 
make the disc specimens completely wet through the period of testing) [97]. Air cooling 
was used in this test. 
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  Fig. 3:24- Twin-Disc Test Specimens Set-up                
  
Fig. 3:25- Schematic of Steel Disc and 
End Post Disc Contact. 
   
Fig. 3:26- Contact Pressure Distribution on Rail and End Post [96]. 
3.5.4- Dry and Wet Impact Test  
One of the ways that can be used to test the wear caused by impact is a “Pneumatic Ball-
on-Plate Impact Tester” (see Figure 3:27). This test technique characterises the behaviour 
of materials when subjected to cyclic impacts.  
 
Fig. 3:27- Pneumatic Ball-on-Plate Apparatus. 
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There was no standard test for the wear due to impact, so the Pneumatic Ball-on-Plate 
impact test was used as a ranking test in which controlled wear is implemented on the 
samples to study. The diameter and depth of plastic deformation and/ or material removal 
which forms as a result of impacts allows observations of the wear of the material. When 
the work implemented on all specimens of the end post materials under study is similar, the 
wear can be employed as a comparative factor for wear resistance. The direction of impact 
was the direction in real use. The orientation of fibre has an important effect on the 
properties of specimens, which has to be born in mind in case the results are employed to 
analyse the action of other materials specimens. Resistance to wear depends on properties 
of a material and surface features and on variables of the wear system such as force and 
number of cycles as well. The tests were carried out in wet and dry conditions. The test 
specimens were machined into blocks 20mmx 40mmx 6mm in size as shown in Figure 
3:28. 
 
 
Fig. 3:28- Schematic Diagram of the End Post Impact Specimen. 
The test procedure was as follows:                                                                                                         
i) The specimens were carefully cleaned and dried then weighed. 
ii) The steel balls and holder were carefully cleaned and dried. 
iii) The ball was placed into a holder on the rig and screwed on hand tight with a 
spanner used to tighten the holder to assembly. 
iv) The cylinder was pushed up to end of travel. 
v) The specimens were securely fastened to the base plate, ideally with rigid clamp 
and come into contact with the steel ball. 
vi) The steel ball and holder assembly was checked to make sure that it could not hit 
the specimen clamps during the impact strokes. 
vii) The forces were selected within the control software. 
viii) The number of cycles was set within the software as well. 
ix) Desired force (N) was inputted. 
x) The tests were run with a known force and cycles, to create the wear. 
6mm 
40mm 
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The tests were carried out at three different numbers of strokes: 1000 cycles, 5000 cycles, 
and 10000 cycles. Under impact forces levels of 100 N, 300 N, and 500 N. All tests were 
conducted at ambient temperature and humidity. Wear formed due to the impact of steel 
ball with specimen plates in the form of craters that were measured by diameter and depth. 
The crater diameters and depths were determined as follows 
i) Crater depths were measured by profilometer as illustrated in Figure 3:29 (for 
more profilometer graphs see Appendix B). 
ii) Crater diameters were measured by profilometer as can be seen in Figure 3:29 
and/or by optical microscope as shown in Figure 3:30. 
  
Fig. 3:29- Profilometer Diagram. Fig. 3:30- Microscope Image. 
The procedure for the wet tests condition was the same as that for the dry tests, but before 
the test was started, the specimens were weighed then immersed in water for an hour, then 
weighed again and then tested as when they were dry. The set-up can be seen in Figure 
3:27. 
3.5.5- Static Compression Test 
This test was conducted on a Tinius Olsen-H25ks machine (see Figure 3:31). The 
specimens of Nylon 12, Nylon 66, Epoxy Glass and Phenolic Resin Bonded Fabric 
materials were cut out from real end posts into cylindrical shapes, 8 mm in diameter and 6 
mm in thick (see Figure 6:32). The specimens were tested under compressive load test to 
determine their yield strength and determine the strongest material. 
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Fig. 3:31- Tinius Olsen-H25kN Machine. Fig. 3:32- Schematic of Specimen 
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4- Block-on-Ring Sliding Tests 
4.1- Introduction 
This testing was conducted to examine the wear resistance of Nylon 12, Nylon 66, Nylon 
66a, Epoxy Glass and Phenolic Risen Bonded Fabric materials caused by a wheel sliding 
over an end post (see Table 3.1 (5)). Sliding wear tests were conducted on a Block-on-Ring 
rig (see Section 3.2.1) in dry and wet test conditions at three sliding speeds and three 
applied loads as described in 3.5.1. Table 4:1 summarizes the test conditions. 
                               Table 4:1- Test Conditions. 
Sliding Speeds 
(m/sec) 
Applied Loads (N) 
Dry Test Wet Test 
1.5 
10 10 
30 30 
50 50 
3.3 
10 10 
30 30 
50 50 
7.2 
10 10 
30 30 
50 50 
 
All tests were conducted at ambient temperature and humidity. 
4.2- Results  
The experiments were repeated three times and the average wear rate has been taken. 
4.2.1- Volume Loss Data 
The volume loss data obtained from experimental work for the studied end post materials 
(Phenolic Resin Bonded Fabric Material PRBFM, Epoxy Glass Material EGM, Nylon 66 
Material N66M, Nylon 66a Material N66aM and Nylon 12 Material N12M) using sliding 
velocities of 1.5 m/sec., 3.3 m/sec., and 7.2 m/sec. and three different loads of 10 N, 30 N, 
and 50 N are shown in Figure 4:1. These figures show the relationship between volume 
loss and time of the studied end post materials in dry and wet tests condition at different 
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values of sliding velocities and loads as indicated in the figures. It can be seen from the 
figures that value of sliding velocity has an expected effect on the volume loss of the 
studied end post materials at different applied loads. (Vij = the volume loss from 
specimens; i=1,2,...5 and j=1,2,.....,9). 
Dry Sliding Test Wet Sliding Test 
 
 
a- Sliding Test at 1.5 m/sec and 10 N. 
 
 
b- Sliding Test at 1.5 m/sec and 10 N. 
 
 
c- Sliding Test at 1.5 m/sec and 30 N. 
 
 
d- Sliding Test at 1.5 m/sec and 30 N. 
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e- Sliding Test at 1.5 m/sec and 50 N. 
 
 
f- Sliding Test at 1.5 m/sec and 50 N. 
 
 
g- Sliding Test at 3.3 m/sec and 10 N. 
 
 
h- Sliding Test at 3.3 m/sec and 10 N. 
 
 
i- Sliding Test at 3.3 m/sec and 30 N. 
 
 
j- Sliding Test at 3.3 m/sec and 30 N. 
0
1
2
3
4
5
6
7
8
9
10
0 5 10 15 20 25 30 35 40 45 50 55 60
∆
V
 (
m
m
ᶾ)
 
Time (mins) 
N 12M
N 66M
N 66aM
EGM
PRBFM
0
1
2
3
4
5
6
7
8
9
10
0 5 10 15 20 25 30 35 40 45 50 55 60
∆
V
 (
m
m
ᶾ)
 
Time (mins) 
N 12M
N 66M
N 66aM
EGM
PRBFM
Overshoot 
value= 37.8 mmᶾ 
0
1
2
3
4
5
6
7
8
9
10
0 5 10 15 20 25 30 35 40 45 50 55 60
∆
V
 (
m
m
ᶾ)
 
Time (mins) 
N 12M
N 66M
N 66aM
EGM
PRBFM
0
1
2
3
4
5
6
7
8
9
10
0 5 10 15 20 25 30 35 40 45 50 55 60
∆
V
 (
m
m
ᶾ)
 
Time (mins) 
N 12M
N 66M
N 66aM
EGM
PRBFM
Overshoot 
value= 50 mmᶾ 
0
1
2
3
4
5
6
7
8
9
10
0 5 10 15 20 25 30 35 40 45 50 55 60
∆
V
 (
m
m
ᶾ)
 
Time (mins) 
N 12M
N 66M
N 66aM
EGM
PRBFM
Overshoot 
value= 53 mmᶾ 
0
1
2
3
4
5
6
7
8
9
10
0 5 10 15 20 25 30 35 40 45 50 55 60
∆
V
 (
m
m
ᶾ)
 
Time (mins) 
N 12M
N 66M
N 66aM
EGM
PRBFM
Overshoot value= 
277 mmᶾ 
 
 
58 
 
 
 
k- Sliding Test at 3.3 m/sec and 50 N. 
 
 
l- Sliding Test at 3.3 m/sec and 50 N. 
 
 
m- Sliding Test at 7.2 m/sec and 10 N. 
 
 
n- Sliding Test at 7.2 m/sec and 10 N. 
 
 
o- Sliding Test at 7.2 m/sec and 30 N. 
 
 
p- Sliding Test at 7.2 m/sec and 30 N. 
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q- Sliding Test at 7.2 m/sec and 50 N. 
 
 
r- Sliding Test at 7.2 m/sec and 50 N. 
Fig. 4:1- Volume Loss of End Post Materials in Dry and Wet Sliding Tests. 
4.2.2- Specimens Wear Resistance 
Figures 4:2 to 4:4 summarise the volume loss of Nylon 12, Nylon 66, Nylon 66a, Epoxy 
Glass and Phenolic Risen Bonded Fabric materials in dry and wet conditions at sliding 
speeds of 1.5 m/sec, 3.3 m/sec and 7.2 m/sec and applied loads of 10 N, 30 N and 50 N. 
 
Fig. 4:2- Sliding Tests for All End Post Materials in Dry and Wet Test Conditions at an 
Applied Load of 10 N and Sliding Speeds of 1.5 m/sec, 3.3 m/sec and 7.2 m/sec. 
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Fig. 4:3- Sliding Tests for All End Post Materials in Dry and Wet Test Conditions at an 
Applied Load of 30 N and Sliding Speeds  of 1.5 m/sec, 3.3 m/sec and 7.2 m/sec. 
 
Fig. 4:4- Sliding Tests for All End Post Materials in Dry and Wet Test Conditions at an 
Applied Load of 50 N and Sliding Speeds of 1.5 m/sec, 3.3 m/sec and 7.2 m/sec. 
In the case of low sliding speed (1.5 m/sec) and low applied load (10 N) in dry test 
conditions, N66 and EG Materials were more wear resistant than N12, N66a and PRBF 
materials respectively (see Figure 4:2). 
While in the wet test condition, EG material is more wear resistant followed by N12 and 
N66a, PRBF and N66 materials respectively (see Figure 4:2).  
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In the case of low sliding speed (1.5 m/sec) and medium load (30 N) and dry test 
conditions, material EG has more wear resistance than materials N66, N12, PRBF, and 
N66a as shown in Figure 4:3. Whilst in the wet test conditions, material EG has a higher 
wear resistance than N12, N66a, PRBF and N66 (see Figure 4:3). Moreover in the case of 
low speed (1.5 m/sec) and high applied load (50 N) and dry test conditions, the wear 
resistance of N12 and N66 materials was approximately equal and more than the wear 
resistance of the other specimens then followed by EG material then PRBF material and 
finally specimen N66a as seen in Figure 4:4. But in the case of  the wet test conditions, the 
N66 is less wear resistant and then the PRBF, N66a, N12 and EG materials (see Figure 
4:4). N66 has the highest wear resistance at the medium sliding velocity (3.3 m/sec) and 
low load (10 N) and dry conditions than materials EG, N12, N66a and PRBF respectively 
(see Figure 4:2). While in the wet test condition N12 has stronger wear resistance and then 
EG, N66a, PRBF and N66 as illustrated in Figure 4:2. In the case of the dry conditions and 
medium sliding velocity (3.3 m/sec) and medium force (30 N) end post EG has more wear 
resistance in this case followed by end post materials N12, PRBF, N66a and N66 (see 
Figure 4:3). Whilst the EG is more wear resistant in the case of the wet test than N12, 
N66a, PRBF and N66 respectively (see Figure 4:3). In the case of medium sliding speed 
(3.3 m/sec) and high load (50 N) and dry test condition as shown in Figure 4:4 the wear 
resistance of EG was the highest then PRBF, N66a, N12 and the lowest was end post 
material N66. But in the case of the wet tests, as seen in Figure 4:4, EG has a higher wear 
resistance than N12, N66a, PRBF and N66. However, in the case of the dry test and high 
sliding speed (7.2 m/sec) and low applied force (10N), as can be seen in Figure 4:2, N66 
has the higher wear resistance in this case, followed by materials N12 and EG, PRBF and 
N66a respectively. While N12 was the highest wear resistance in the wet test condition, as 
shown in Figure 4:2, followed by N66a, EG, PRBF and N66. In the case of high sliding 
speed (7.2 m/sec) and medium applied load (30 N) EG material is more wear resistant than 
N12, PRBF, N66a, and N66 (see Figure 4:3). But in the wet test, N12 has a higher wear 
resistance than EG and PRBF, N66a and N66 (see Figure 4:3). The EG has the highest 
wear resistance, in the both test conditions then materials PRBF, N66a, N12, and N66 in 
the dry test condition and N66a, N12, PRBF and N66 in the wet test condition.  
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4.2.3- Specimens Surface Roughness 
Figure 4:5 shows the surface roughness changes (∆𝑅𝑎) of the end post Materials of N12, 
N66, N66a, EG and PRBF after dry and wet sliding wear tests. 
∆𝑅𝑎 = 𝑅𝑎0− 𝑅𝑎1                                                                                                               (12) 
where, 𝑅𝑎0 = specimen surface roughness before the test, and 𝑅𝑎1 = specimen surface 
roughness after the test.   
Dry Test Condition Wet Test Condition 
 
a- Nylon 12 (N12) 
 
b- Nylon 12 (N12) 
 
c- Nylon 66 (N66) 
 
d- Nylon 66 (N66) 
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e- Nylon 66a (N66a) 
 
f- Nylon 66a (N66a) 
 
g- Epoxy Glass (EG) 
 
h- Epoxy Glass (EG) 
 
i- Phenolic Resin Bonded Fabric (PRBF) 
 
j- Phenolic Resin Bonded Fabric (PRBF) 
Fig. 4:5- Surface Roughness (Ra) Changes of End Post Materials Under study after Dry 
and Wet Sliding wear Tests. 
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4.2.4- Specimens Friction Coefficient 
Figures 4:6 to 4:10 show the coefficients of friction for the five studied end post materials 
at the same sliding velocities used in the dry sliding wear experiments (1.5 m/sec, 3.3 
m/sec, and 7.2 m/sec), which correspond to rotating velocities of 568 rpm, 1261 rpm, and 
2764 respectively and also at the same applied loads.   
 
Fig. 4:6- Coefficient of Friction of (N12) at Sliding Velocities of 1.5 m/sec, 3.3 m/sec, and 
7.2 m/sec and Applied Loads of 10 N, 30 N, 50 N. 
 
Fig. 4:7- Coefficient of Friction of (N66) at Sliding Velocities of 1.5 m/sec, 3.3 m/sec, and 
7.2 m/sec and Applied Loads of 10 N, 30 N, 50 N. 
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Fig. 4:8- Coefficient of Friction of (N66a) at Sliding Velocities of 1.5 m/sec, 3.3 m/sec, 
and 7.2 m/sec and Applied Loads of 10 N, 30 N, 50 N. 
 
Fig. 4:9- Coefficient of Friction of (EG) at Sliding Velocities of 1.5 m/sec, 3.3 m/sec, and 
7.2 m/sec and Applied Loads of 10 N, 30 N, 50 N. 
 
Fig. 4:10- Coefficient of Friction of (PRBF) at Sliding Velocities of 1.5 m/sec, 3.3 m/sec, 
and 7.2 m/sec and Applied Loads of 10 N, 30 N, 50 N. 
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As shown in Figures 4:6 to 4:10, the coefficient of friction tests for all end post materials 
under study (thermoplastic materials N12, N66, and N66a and thermosetting materials EG 
and PRBF) started with a running-in period followed by steady-state period in some test 
cases or an increase or and decrease. 
In the case of thermoplastic materials, it is believed that at the beginning of the tests, tips 
were formed on the surface on specimens. But with the steady-state periods, the tips 
disappeared and wear debris covered the contact surfaces and reduced values of friction 
coefficient. While with the decrease periods, the contact temperature became high which 
led to melting of these materials and lower values of coefficient of friction. However, in 
case of thermosetting materials, it is believed that with the running-in periods, it is due to 
nature of surface of these materials. Whilst with the steady-state period or decreased 
period, the fibres have broken and became powder on the surface which led to lower 
coefficient of friction values. But with the increased periods the contact temperature grew 
which led to higher values of friction coefficient. These results are in agreement with the 
results obtained by Unal [50] and Wang [51, 98]. 
4.2.5- Worn Contact Surfaces of Specimens 
Figure 4:11 shows the worn contact surface for each specimen due sliding and thermal 
wear after the dry and sliding wear tests (for more images see Appendix B). Images scale 
bar (0.1 mm= 200 µm) 
 
Dry Sliding Test Wet Sliding Test 
 
 
a- Contact Surface of N12 at 1.5 m/sec and 10 N 
 
 
aa- Contact Surface of N12 at 1.5 m/sec and 10 N 
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b- Contact Surface of  N12 at 3.3 m/sec and 30 N 
 
bb- Contact Surface of  N12 at 3.3 m/sec and 30 N 
 
 
c-    Contact Surface of  N12 at 7.2 m/sec and 50 N 
 
 
cc- Contact Surface of  N12 at 7.2 m/sec and 50 N 
 
 
d-  Contact Surface of  N66 at 1.5 m/sec and 10 N 
 
 
dd- Contact Surface of  N66 at 1.5 m/sec and 10 N 
 
 
e- Contact Surface of  N66 at 3.3 m/sec and 30 N 
 
 
ee- Contact Surface of  N66 at 3.3 m/sec and 30 N 
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f-   Contact Surface of  N66 at 7.2 m/sec and 30 N 
 
 
ff- Contact Surface of  N66 at 7.2 m/sec and 30 N 
 
 
h-   Contact Surface of  N66a at 1.5 m/sec and 10 N 
 
 
hh- Contact Surface of  N66a at 1.5 m/sec and 10 N 
 
 
k- Contact Surface of  N66a at 3.3 m/sec and 30 N 
 
 
      kk-  Contact Surface of  N66a at 3.3 m/sec and 30 N 
 
 
l- Contact Surface of  N66a at 7.2 m/sec and 50 N 
 
 
ll- Contact Surface of  N66a at 7.2 m/sec and 50 N 
Smearing 
Scratches 
Scratches 
Scratches 
Sliding Direction Sliding Direction 
Sliding Direction Sliding Direction 
Sliding Direction Sliding Direction 
Sliding Direction Sliding Direction 
Scratches 
Cracks 
Scratches 
Scratches 
 
 
69 
 
 
 
m- Contact Surface of  EG at 1.5 m/sec and 10 N 
 
 
       mm- Contact Surface of  EG at 1.5 m/sec and 10 N 
 
 
n- Contact Surface of  EG at 3.3 m/sec and 30 N 
 
 
nn- Contact Surface of  EG at 3.3 m/sec and 30 N 
 
 
o-   Contact Surface of  EG at 7.2 m/sec and 50 N 
 
 
oo- Contact Surface of  EG at 7.2 m/sec and 50 N 
 
 
p- Contact Surface of  PRBF at 1.5 m/sec and 10 
N 
 
 
pp- Contact Surface of  PRBF at 1.5 m/sec and 10 N 
Sliding Direction Sliding Direction 
Sliding Direction Sliding Direction 
Sliding Direction Sliding Direction 
Sliding Direction Sliding Direction 
Scratches 
Fibres 
Fibres 
Scratches 
Fibres 
Scratches 
Fibres 
Scratches 
Fibres 
Scratches 
Fibres 
Fibres 
Grooves 
Smooth 
Smooth 
Scratches 
Fibres 
 
 
70 
 
 
 
 
q- Contact Surface of  PRBF at 3.3 m/sec and 30 
N 
 
 
qq- Contact Surface of  PRBF at 3.3 m/sec and 30 N 
 
 
r- Contact Surface of  PRBF at 7.2 m/sec and 50 N 
 
 
rr- Contact Surface of  PRBF at 7.2 m/sec and 50 N 
Fig. 4:11- Contact Surface of End Post Material in Both Dry and Wet Test Conditions. 
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Fig. 4:12- Schematic Diagram of Wear Mechanism. 
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N66, N66a, EG, and PRBF was adhesive wear (see Figures 4:11 and 4:12 I). While the 
wear mechanism for materials N12, N66, and N66a in the case of high sliding speed and 
high load was melt wear (see Figure 4:12 II). Whereas the wear mechanism for materials 
EG, and PRBF in the same test case was third-body abrasive wear (see Figure 4:12 III). 
Moreover, the wear mechanism for materials N12, N66a, EG, and PRBF in wet tests 
condition was adhesive wear and third body wear (wear debris generated, which appears in 
the form of third-body particles between contacting surfaces). But the wear mechanism for 
material M66 was probably chemical wear (the material dissolved in water and the 
evidence for this was: the water pool through and after the test was seen to be cloudy, the 
material transferred to steel disc and around the test rig powder was seen as the water dried 
and hardness of the material was reduced in wet condition).   
4.3- Discussion 
As can be seen from the previous sections, the wear resistance and mechanisms for the 
studied materials over a time of sixty minutes at sliding velocities of 1.5 m/sec, 3.3 m/sec, 
and 7.2 m/sec and applied loads of 10 N, 30 N, and 50 N in both dry and wet tests 
condition are demonstrated. 
The end post materials under study were classified as thermoplastic and thermosetting 
materials according to melt temperature test in Section 3.3.1. N12, N66 and N66a were 
classified as thermoplastic materials, while EG and PRBF were classified as thermosetting 
materials.  
4.3.1- Thermoplastic Materials 
4.3.1.1- Nylon 12 Material (N12) 
In the beginning of test there was a small effect of test parameters of sliding speed of 1.5 
m/sec., 3.3 m/se. and 7.2 m/sec. and applied load of 10 N on the material wear resistance 
as shown in Figures 4:1 a, g and m. This was reflected in the amount of material loss 
during the test period of 60 minutes. The rubbing surface was partly smooth (see Figure 
4:5 a). Pits and ploughing parallel to the sliding direction were observed (see Figure 4:11 
a). As shown in Figure 4:1 c and I, the material wear resistance was influenced slightly on 
increasing sliding speed from 1.5 m/sec to 3.3 m/sec at an applied load of 30 N. The wear 
surface was partly smoothed as shown in Figure 4:5 a and pits and scratches were observed 
on the surface (see Figure 4:11 b). It is clear from the results as can be observed in Figure 
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4:1 o, the material wear resistance decreased massively in the case of a sliding velocity of 
7.2 m/sec at constant load of 30 N. The contact surface was coarse (see Figure 4:5 a) due 
probably to adhesive wear and characterised by pits and scratches parallel to the 
orientation of sliding. Moreover, the wear resistance of the material was affected gradually 
as sliding velocities increased from 1.5 m/sec to 3.3 m/sec at an applied load of 50 N (see 
Figures 4:1 e and k). The worn surface was partly smoothed (see Figure 4:5 a). While there 
was a large effect of increased sliding velocity to 7.2 m/sec, specifically at the applied load 
of 50 N where the material was melted (see Figure 4:13 A) due to the increase of friction 
between the steel ring and N12 block (see Figures 4:1 q) that led to an increase in contact 
temperature (to over the material melting point). The contact surface smeared as shown in 
Figure 4:11 c. 
On the other hand there was a significant effect of using water as a lubricant in wet tests on 
wear resistance of material where contact temperature was reduced during the test which 
led to a reduction in the amount of material loss as shown in Figures 4:1 b, d, f, h, j, l, n, p 
and r. The rubbing surface was partly rough (see Figure 4:5 b) and characterised by Pits, 
and ploughing parallel to the sliding direction (see Figures 4:11 aa, bb and cc). 
4.3.1.2- Nylon 66 Material (N66) 
Figures 4:1 a, g and m show that there was a slight effect on wear resistance of increasing 
sliding velocity from 1.5 m/sec to 7.2 m/sec at an applied load of 10 N. The rubbing 
surface became smooth as shown in Figure 4:5 c and pits, cracks, waves and scratches 
parallel to the sliding direction appeared across the contact surface ( see Figure 4:11 d). 
In Figures 4:1 c, i and o, it is possible to observe that there was a significant effect of 
increasing sliding speed from 1.5 m/sec to 7.2 m/sec at a load of 30 N. The wear surface in 
the case of a sliding speed of 3.3 m/sec and a force of 30 N was coarse (see Figure 4:5 c) 
due probably to adhesive wear. However in the case of a sliding speed of 7.2 m/sec and a 
load of 30 N, the appearance of contact surface as shown in Figure 4:11 e was partly 
smoothened (see Figure 4:5 c) due to thermal wear (see Figure 4:13 b). 
Figure 4:1 e, k and q shows that the material wear resistance was affected considerably 
when the sliding speed rose from 1.5 m/sec to 7.2 m/sec at a load of 50 N. This was 
reflected in amount of material loss during the test period. The contact surface became 
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partly smooth (see Figure 4:5 c) because contact temperature increased and material melted 
as shown in Figures 4:13 B and 4:4 f.    
In contrast, in the case of wet tests, as can be seen from Figures 4:1 b, d, f, h, j, l, n, p and r, 
the material wear resistance was significantly affected compared with dry tests. Water 
would reduce contact temperature, which would reduce the material wear, but it actually 
increased. This is thought to have happened because: 
i) Material became weak and the strength reduced, that led to an increase in 
volume loss compared with dry condition. This in agreement with the results 
displayed by Wang [51].  
ii) The absorption of water by the Nylon 66 material led to reduced material 
hardness from 230.39 in dry case to 131.27 in wet case (see Section 3.5.1.2). 
This result in an agreement with Jacobs results [99].  
There was significant transfer of polymer to the steel ring and the water became very 
cloudy. The rubbing surface was smoothened (see Figure 4:5 d) and was characterised by 
smears in the case of a sliding speed of 1.5 m/sec and a load of 10 N ( see Figure 4:8 dd). 
However, Figure 4:11 ee shows the worn surface of the specimen at a velocity of 3.3 m/sec 
and a load of 30 N. Scratches were observed on the surface. Whilst in the case of a velocity 
of 7.2 m/sec and a load of 50 N, the contact surface appearance was partly smoothened as 
shown in Figure 4:5 d and is characterized by scratches parallel to the sliding orientation 
(see Figure 4:11 ff). 
4.3.1.3- Nylon 66a Material (N66a) 
As shown in Figures 4:1 a, g and m, there was a slight influence on wear of sliding speed 
increase from 1.5 m/sec to 3.3 m/sec at a load of 10 N. The worn surface was partly 
smoothed, as seen in Figure 4:5 e, and scratches existed on the surface parallel to the 
orientation of sliding (see Figure 4:11 h). In the case of a sliding speed of 7.2 m/sec and a 
load of 10 N, the material wear resistance was lower than that in the previous cases. The 
rubbing surface became smooth as shown in Figure 4:5 e. 
In Figures 4:1 c, i and o the material wear resistance decreased gradually. The main source 
of wear damage appears to be scratches as shown in Figure 4:11 
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k and the worn surface was smoothed as seen in Figure 4:5 e. Whilst the rubbing surface in 
the case of a speed of 7.2 m/sec and a force of 30 N was rough as shown in Figure 4:5 e. 
This was due to adhesive wear. 
Figures 4:1 e, k and q shows that, material wear resistance was affected considerably when 
sliding velocity increased from 1.5 m/sec to 7.2 m/sec at an applied load of 50 N and the 
wear surface was smooth (see Figure 4:5 e). No marks were formed on the wear surface in 
the case of a sliding velocity of 7.2 m/sec and a load 50 N (see Figure 4:11 l), but the wear 
surface was smooth, this was due to thermal wear as shown in Figure 4:13 C.  
In contrast, in the case of wet tests condition, as can be observed in Figures 4:1 b, d, f, h, j, 
l, n, p and r, there was a positive effect of water on material wear resistance, this appears in 
the amount of material loss through the tests compared with dry tests condition. This is 
because the water acted as a lubricant and reduced contact temperature which led to a rise 
the material wear resistance and increased material service life. The rubbing surface was 
more smoothed as shown in Figure 4:5 f, cracks were observed and scratches existed on the surface 
parallel to the orientation of sliding (see Figures 4:11 hh, kk and ll).  
                  
Fig. 4:13- Photos of Melted Materials of (a) Nylon 12, (b) Nylon 66 and (c) Nylon 66a. 
4.3.2- Thermosetting Materials 
4.3.2.1- Epoxy Glass Material (EG) 
Figures 4:1 a, g and m show that the material wear resistance reduced gradually due to 
increased sliding speed from 1.5 m/sec to 7.2 m/sec at an applied load of 10 N. The worn 
contact surface was partly rough (see Figure 4:5 g) and fibres and scratches were observed 
(see Figure 4:11 m).  
In Figures 4:1 c, i and o, the material wear resistance gradually decreased due to an 
increase  of sliding velocity from 1.5m/sec to 7.2 m/sec at a load of 30 N. Figure 4:11 n 
shows the worn contact surface of the specimen after the test. The contacting surface was 
coarse (see Figure 4:5 g). Fibres and scratches were observed on the wear surface. 
Melted 
material 
Thermal 
wear 
a b c 5 mm 5 mm 5 mm 
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Figures 4:1 e, k and q show that, the wear resistance of the material reduced significantly 
when the sliding speed rose from 1.5 m/sec to 7.2 m/sec at a load of 50 N. The wear 
surface was more roughened as shown in Figure 4:5 g and there was a severe deterioration 
of fibre surface due to the increase in temperature (see Figure 4:11 o). In wet test 
conditions, it is possible to observe that from Figure 4:1  b, d, f, h, j, l, n, p and r the 
material wear resistance was better than that in dry test conditions. This occurred due to a 
reduction of contact temperature and a lubricating effect during the tests. The worn surface 
became smooth (see Figure 4:5 h), and the major source of wear damage was fibres 
exposed and scratch marks parallel to sliding direction as seen in Figures 4:11 mm, nn and 
oo. 
4.3.2.2- Phenolic Resin Bonded Fabric Material (PRBF)  
In Figures 4:1 a, g and m, the material wear resistance was influenced slightly in the case 
of sliding speeds of 1.5 m/sec, 3.3 m/sec and 7.2 m/sec at a constant applied force of 10 N. 
The rubbing surface was partly smooth (see Figure 4:5 i). Scratches were formed on the 
surface (see Figure 4:11 p). The wear resistance of end post materials decreased gradually 
when sliding speed rose from 1.5 m/sec to 3.3 m/sec at a constant load of 30 N as shown in 
Figures 4:1 c and i. The worn surface became partly rough as seen in Figure 4:5 i due to a 
rise in temperature and groove marks are observed on the surface (see Figure 4:11 q). 
While the wear resistance of end post material decreased greatly when sliding speed rose to 
7.2 m/sec at an applied load of 30 N as shown in Figure 4:1 o. The worn contact surface 
was partly rough (see Figure 4:5 i). Finally as can be seen in Figures 4:1 e, k and q, the 
material wear resistance decreased slightly in the case of sliding velocity 1.5 m/sec and 3.3 
m/sec and at constant load 50 N. The tested surface was partly smooth as seen in Figure 
4:5 i. However, the wear resistance of material rose considerably in the case of high sliding 
speed 7.2 m/sec and constant applied load of 50 N. A rough structure in the matrix can be 
seen on the worn surface (see Figures 4:5 i and 4:11 r). This is a result of increased 
temperature. 
However, in the case of wet test conditions, the material wear resistance rose significantly 
as can be observed in Figures 4:1 b, d, f, h, j, l, n, p and r. The worn surfaces became 
smooth as shown in Figure 4:5 j, the major source of wear damage becomes clear to be 
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fibre, smears and scratch marks parallel to the sliding direction (see Figures 4:11 pp, qq 
and rr). 
4.4- Summary 
The Epoxy glass material has more wear resistance than the phenolic risen bonded fabric 
material, Nylon 12 material and Nylon 66 and Nylon 66a materials in the dry test 
condition. The dominant failure mode was third-body abrasive wear for Epoxy Glass and 
Phenolic Risen Bonded Fabric materials and adhesive wear and melting wear for Nylon 12, 
Nylon 66 and Nylon 66a as well as chemical wear for Nylon 66 in the case of wet test 
conditions. The Epoxy Glass material has higher wear resistance in the wet test condition 
followed by Nylon 12, Nylon 66a and Phenolic Resin Bonded Fabric materials. The wear 
mechanism was third-body abrasion for Epoxy Glass and Phenolic Resin Bonded Fabric 
material and third-body abrasion and adhesive wear for Nylon 66a and Nylon 12 materials 
and chemical wear for Nyon 66 Material. All thermoplastic materials melted when sliding 
speeds and applied loads increased in the case of dry test condition. The wear resistance of 
thermoplastic materials was improved in wet tests except for Nylon 66. The thermosetting 
materials did not melt in all test conditions. The Epoxy glass material has the highest wear 
resistance.   
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5- Impact Tests  
5.1- Introduction    
These tests were carried out to examine which material from Nylon 12, Nylon 66, Nylon 
66a, EG and PRBF has more resistance to impact wear caused by the impact of train's 
wheels (see Table 3:1 (4)). A Pneumatic Ball-on-Plate Impact rig was used to achieve this 
test (see Section 3.2.3). The test was implemented in both dry and wet conditions, and at 
three forces and three cycle numbers (see Table 5:1) as described in Section 3.5.4. The test 
conditions are summarised in Table 5:1. 
                                         Table 5:1- Test Conditions. 
Force (N) 
Number of Cycles 
Dry Test Wet Test 
100 
1000 1000 
5000 5000 
10,000 10,000 
300 
1000 1000 
5000 5000 
10,000 10,000 
500 
1000 1000 
5000 5000 
10,000 10,000 
5.2- Results  
5.2.1- Crater Dimensions  
The data collected from experimental work for the studied end post materials of Nylon 12 
material (N12),  Nylon 66 material (N66), Nylon 66a material (N66a),  Epoxy Glass 
material (EG) and Phenolic Resin Bonded Fabric material (PRBF) using 1000 cycles, 5000 
cycles, and 10000 cycles in dry (D) and wet (W) test conditions are shown in Figures 5:1 
to 5:8. Figures 5:1 to 5:4 summarise the crater diameter data and Figures 5:5 to 5:8 
summarise the crater depth data. The tests were conducted three times and the average was 
employed in data analysis. 
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Crater Diameter in Dry Impact Tests Crater Diameter in Wet Impact Tests 
 
a- Nylon 12 Material 
 
aa- Nylon 12 Material 
 
b- Nylon 66 Material 
 
bb- Nylon 66 Material 
 
c- Nylon 66a Material 
 
cc- Nylon 66a Material 
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d- Epoxy Glass Material. 
 
dd- Epoxy Glass Material 
 
e- Phenolic Resin Bonded Fabric Material 
 
ee- Phenolic Resin Bonded Fabric Material 
Figure 5:1- Crater Diameter of End Post Materials in Dry and Wet Impact Tests. 
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Fig. 5:2- Impact Test for All End Post Materials in Dry and Wet Conditions at an Applied 
Load of 100 N and 1000 Cycles, 5000 Cycles and 10,000 Cycles. 
 
Fig. 5:3- Impact Test for All End Post Materials in Dry and Wet Conditions at an Applied 
Load of 300 N and 1000 Cycles, 5000 Cycles and 10,000 Cycles. 
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Fig. 5:4- Impact Test for All End Post Materials in Dry and Wet Conditions at an Applied 
Load of 500 N and 1000 Cycles, 5000 Cycles and 10,000 Cycles. 
 
Crater Depth in Dry Impact Tests Crater Depth in Wet Impact Tests 
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b- Nylon 66 Material 
 
bb- Nylon 66 Material 
 
c- Nylon 66a Material 
 
cc- Nylon 66a Material 
 
d- Epoxy Glass Material. 
 
dd- Epoxy Glass Material. 
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
 
 
83 
 
 
e- Phenolic Resin Bonded Fabric Material 
 
ee- Phenolic Resin Bonded Fabric Material 
Figure 5:5- Crater Depth of End Post Materials in Dry and Wet Impact Tests. 
 
Figure 5:6- Impact Test for All End Post Materials in Dry and Wet Conditions at an 
Applied Load of 100 N and 1000 cycles, 5000 cycles and 10,000 cycles. 
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.04
0.08
0.12
0.16
0.2
0 2000 4000 6000 8000 10000
C
ra
te
r 
D
ep
th
 (
m
m
) 
Cycles 
100N
300N
500N
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
C
ra
te
r 
D
ep
th
 (
m
m
) 
1000 Cycles
5000 Cycles
10000 Cycles
 
 
84 
 
 
Figure 5:7- Impact Test for All End Post Materials in Dry and Wet Conditions at an 
Applied Load of 300 N and 1000 cycles, 5000 cycles and 10,000 cycles.  
 
Figure 5:8- Impact Test for All End Post Materials in Dry and Wet Conditions at an 
Applied Load of 500 N and 1000 cycles, 5000 cycles and 10,000 cycles. 
Crater depth and diameter were measured by microscope and profilometer as discussed in 
Section 3.5.4. These show how much the materials were damaged under the effect of test 
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same trend with cycles for each material. Wear/material displacement was higher for 
Nylon than composite type materials.  
5.2.2- Wear Images 
Figures 5:9 to 5:11 show the damaged contact surfaces for Nylon 66, Epoxy Glass and 
Phenolic Resin Bonded Fabric specimens caused by impact wear after the tests (for more 
images see Appendix B). For all images the scale bar was 10 mm = 200 µm. 
 Images of Wear in Dry Tests Condition Images of Wear in Wet Tests Condition 
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Figure 5:9- Wear Images of Nylon 66 Material at Forces of 100 N, 300 N and 500 N and 
1000 Cycles and 10,000 Cycles in both Dry and Wet Conditions. 
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 Images of Wear in Dry Test Condition Images of Wear in Wet Test Condition 
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Figure 5:10- Wear Images of Epoxy Glass Material at Forces of 100 N,300 N and 500 N 
and 1000 Cycles and 10,000 Cycles in both Dry and Wet Conditions. 
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Figure 5:11- Wear Images of Phenolic Resin Bonded Fabric Material at Forces of 100 N, 
300 N and 500 N and 1000 Cycles and 10,000 Cycles in both Dry and Wet 
Conditions. 
5.3- Discussion  
As shown from the previous figures, the wear resistance of the studied end post materials 
in dry and wet test conditions at applied forces of 100N, 300N and 500N and number of 
cycles of 1000 cycles, 5000 cycles and 10,000 cycles are demonstrated.  
5.3.1- Thermoplastic Materials 
5.3.1.1- Nylon 12 Material 
Figures 5:1 a and aa and 5:5 a and aa show that, the crater diameter of specimens in dry 
and wet conditions did not change much with cycles, but the depth did increase though. 
There was not a big difference in crater size between wet and dry tests. Nylon 12 material 
has the lowest crater size of all Nylon materials (see Figures 5:2 to 5:4 and 5:6 to 5:8). 
5.3.1.2- Nylon 66 Material 
In Figures 5:1 b and 5:5 b through the tests, there was a significant growth in crater depth 
and width with cycles and loads. In Figures 5:1 bb and 5:5 bb, crater size was significantly 
larger in the wet condition than the dry condition (as with sliding tests the material 
softened therefore making it less resistant to impact). In Figures 5:2 to 5:4 and 5:6 to 5:8, it 
possible to observe that the crater depth and width were larger than the crater depth and 
width of all other materials. The contact surface of the material experienced 
compression/deformation as shown in Figures 5:9 and 5:12. 
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Fig. 5:12- Schematic of N 66 Material Wear Mechanisms. 
5.3.1.3- Nylon 66a Material   
In Figures 5:1 c and cc and 5:5 c and cc, it can be seen that, the behaviour of material was 
very similar to Nylon 66, but damage was a bit lower and the material 
displacement/compression in wet tests was slightly higher than the material 
displacement/compression in dry conditions. The failures observed here are happening to 
the end post in reality as mentioned in Section 1.7.2 and seen in Figure 1:25. 
5.3.2- Thermosetting Materials 
5.3.2.1- Epoxy Glass Material                                                                                                   
Crater depth and width grew from the beginning of the test to 5000 cycles, but not much 
more up to 10,000 cycles. The crater diameter grew with increased load, but depth stayed 
constant with load. The crater size was not affected by water (see Figures 5:1 d and dd and 
5:5 d and dd). The crater size was lower than all other materials (see Figures 5:2 to 5:4 and 
5:6 to 5:8). As can be seen in Figures 5:10 and 5:13 the craters had a smoother internal 
surface and powder was seen in and around the crater.  
 
 
 
     
 
Fig. 5:13- Schematic of EG Material Wear Mechanisms. 
5.3.2.2- Phenolic Resin Bonded Fabric Material  
As can be seen in Figures 5:1 e and 5:5 e, crater width grew with increased number of 
cycles, but depth did not grow. The crater depth and width increased when load increased 
from 100 N to 300 N, but at 500 N it was no higher. The crater size of specimens in wet 
tests was approximately the same as those in dry condition. In Figures 5:2 to 5:4 and 5:6 to 
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5:8, the craters size of PRBF material were higher than the craters size of the EG material, 
but lower than all the Nylon materials. As can be observed in Figures 5:11 and 5:14, the 
damage mechanism was material displacement/compression (layers of material 
compressed with impact and cracks around the crater edges). Cracks and displacement that 
were observed in this test are one of the common failures which occur frequently to the end 
post in railway networks as mentioned in section 1.7.2 and seen in Figure 1:25. The cracks 
were only evident above 300 N and then only after 5000 cycles.  
 
 
 
 
 
Fig. 5:14- Schematic of PRBF Material Wear Mechanisms. 
5.4- Summary 
From experimental results, two states of impact wear of end post materials under study 
were observed. The first state relates primarily to material displacement/compression and 
no material loss with cracks formed around edges of PRBF material (see Figures 5:12 and 
5:14) and a second state, which results in material loss where the surface became smoother 
and powder appeared. This is in agreement with Bayer [68]. 
Crater sizes of all materials were affected by cycles and loads. The crater depths and 
widths of N 12, N 66 and N 66a materials were affected by water, but the crater 
dimensions of EG and PRBF materials was not affected by water. In the case of dry test 
conditions, the end post material of Epoxy Glass has higher impact wear resistance, 
followed by Phenolic Resin Bonded Fabric, Nylon 12 and Nylon 66a and Nylon 66 
materials. The dominant failure mode in this test was compression with no material loss for 
thermoplastic materials and deformation with material loss for Epoxy Glass material and 
compression with cracks around crater edge for Phenolic Resin Bonded Fabric material. 
The End post material of Epoxy Glass has more impact failure resistance in wet test 
conditions followed by Phenolic Resin Bonded Fabric, Nylon 66a and Nylon 66 materials 
respectively. The Nylon 12 material has the highest material displacement/compression 
Cracks at Edges 
Layers of Material compress with Impact 
and Cracks form around Edges 
Material before Test 
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resistance in the “thermoplastic” materials group and the Epoxy Glass material has the 
highest wear resistance in the “thermosetting” materials group. But the Epoxy Glass 
material has the greatest wear resistance of all end post thermoplastic and thermosetting 
materials under study. 
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6- Lipping Tests 
6.1- Introduction 
Tests have been conducted to determine the appropriate width of end post materials, which 
prevents contact between adjacent rails when metal flow occurs and is appropriate to 
protect the end post materials from excess loads and operating conditions (see Table 3:1 (3 
and 5)). The work was divided into two separate tests as mentioned in Section 3.5.2:  
 The first test was a 100% sliding ratio lipping test (see Section 3.5.2.1). This test 
was implemented on the Block-on-Ring rig (see Section 3.2.1) at sliding speeds of 
7.2 m/sec., under a constant load of 50 N and during a period of 60 minutes. The 
end post width was 1 mm. 
 The second test was a partial slip ratio (1%) lipping test (see Section 3.5.2.2). This 
test was carried out on a twin-disc machine (see Section 3.2.2) at a rotating speed 
of 400 rpm. Table 6:1 summarizes the test conditions.  
Table 6:1- Partial Slip Ratio 1% Lipping Test Conditions. 
Disc No. End Post Width (mm) 
Contact Pressure 
(MPa) 
Slip % No. of Cycles 
R1 0.5 and 1 900 1 2000 
R2 0.5 and 1 900 1 20,000 
R3 0.5 and 1 1500 1 2000 
 
The tests were implemented at room temperature and humidity. 
6.2- Specimens 
6.2.1- 100% Slip 
The samples under study in the 100% slip tests were steel block (rail material) and epoxy 
glass end post material against railways wheel steel. The rail steel block was machined into 
a 5mm x 5mm x 32mm section and arranged like an actual joint, as shown in Figure 3:17. 
A section of  epoxy glass material was cut from an actual end post into a 1mm x 5mm x 
32mm piece and arranged between the steel blocks like the actual joint (see Figure 3:17). 
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6.2.2- Partial Slip 
The specimens tested in the partial slip tests were three rail steel discs (R1, R2, and R3) 
and epoxy glass end post material; each disc was machined with 3 slots, 0.5mm x 10mm x 
3mm, and 3 slots, 1mm x 10mm x 3mm and filled with a section of epoxy glass material 
cut from an actual end post (see Figures 3:18 and 6:1). 
 
Fig. 6:1- Rail Steel Disc and Epoxy Glass End Post Materials (R1, R2 and R3). 
The discs shown in Figure 6:1 were tested in the following conditions: 
 R1: 900 MPa and 2000 Cycles 
 R2: 900 MPa and 20,000 Cycles 
 R3: 1500 MPa and 2000 Cycles 
6.3- Results 
6.3.1- 100% Slip Ratio Lipping Test  
Metal flow length data obtained from the 100% Slip Ratio Lipping tests is shown in 
Figures 6:2-6:4. All tests were repeated two and three times then compared together 
  
R2 R1
2 
R3 
End Post Section 
Thickness= 0.5 & 1 mm 
Width = 10 mm 
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Before Test After Test 
  
Fig. 6:2- End Post Thickness before and after the Test. 
 
 
 
 
 
Fig. 6:3- Schematic Gap before Test Fig. 6:4- Schematic Gap after Test 
6.3.2- 100% Slip Ratio Lipping Test Images 
The 100% slip ratio lipping tests images obtained from experimental work to determine 
appropriate width of end post materials are shown in Figure 6:5. The image scale bar was 
(10 mm = 100 µm). 
 
Fig. 6:5- Length of Gap Image after the Test. 
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6.3.3- Partial Slip Ratio (1%) Lipping Test 
Metal flow length data obtained from the partial slip ratio (1%) lipping tests to determine 
appropriate thickness of end post materials are shown in Figures 6:6 and 6:7. Figure 6:6 
illustrate deformation occurred during the test and Figures 6:6 and 6:7 show the metal flow 
and deformation. 
6.3.4- Partial Slip Ratio (1%) Lipping Test Images 
The metal flow and deformation images collected from the partial slip ratio of 1% lipping 
tests are displayed in Figure 6:6. All images scale bar was (0.1 mm = 200 µm). 
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Fig. 6:6- Gaps Length Images after the Test. 
Figure 6:7 summaries the average length of metal flow at all test conditions. The 
average length has been calculated from images in Figure 6:6. 
Example calculation of (Figure 6:6): 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑀𝑒𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝐿𝑒𝑛𝑔𝑡ℎ 𝑀𝐹𝐿 =  
𝑀𝐹𝐿2 +  𝑀𝐹𝐿4 +  𝑀𝐹𝐿6
3
 (13) 
where, 𝑀𝐹𝐿1 = 𝐺𝐿0 −  𝐺𝐿1 
𝑀𝐹𝐿3 =  𝐺𝐿0 −  𝐺𝐿3 
𝑀𝐹𝐿5 =  𝐺𝐿0 −  𝐺𝐿5 
𝑀𝐹𝐿1, 𝑀𝐹𝐿3 𝑎𝑛𝑑 𝑀𝐹𝐿5 = Metal Flow Length of Gap 1, 3 and 5 
𝐺𝐿0 = Gap length before the test 
𝐺𝐿1, 𝐺𝐿3 𝑎𝑛𝑑 𝐺𝐿5 = Gap Length 1, Gap Length 3 and Gap Length 5 after the test. 
The average length of metal flow (MFL) was calculated by equation (13). 
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Fig. 6:7. Average Length of Lip (mm). 
 
6.4- Discussion 
As can be seen from the Figures 6:5 and 6:8 to 6:10 plastic deformation and metal flow 
appeared in the 100% slip test and the partial slip (1%) test.  
6.4.1- 100% Sliding Slip Test 
Figures 6:2 and 6:5 shows that, there was a significant effect on the gap size at a sliding 
speed of 7.2 m/sec and applied load of 50 N, where the steel edges were flattened, wore 
and lipped. This is due to the 100% slip.  
6.4.2- Partial Slip (1%) Test 
6.4.2.1- End Post Width of 0.5 mm 
In Figures 6:6 and 6:7, it is possible to see that the steel flows over the end post becoming 
flattened, battered and lipped. This is caused by high cyclic loads and partial slip. The 
deformation and gap size were changed with contact pressure and cycles and metal flow 
(see Figure 6:7). This type of failure commonly occurs in reality in railway networks as 
mentioned in Section 1.7.2 and shown in Figures 1:21, 1:24 and 1:25. In the case of a 
contact pressure of 900 MPa and 2000 cycles, as can be seen in Figure 6:8, the damage 
was severe battering and slight metal flow (see Figure 6:7). While the damage in disc R2 in 
the case of a contact pressure of 900 MPa and 20,000 cycles was significant flattening, 
battering and steel flow (see Figures 6:6 and 6:7). Moreover, the plastic deformation in the 
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case of contact pressure of 1500 MPa and number of cycle of 2000 cycles on R3 led to 
flattening and severe steel flow (see Figures 6:6-6:8)  
6.4.2.2- End Post Width of 1 mm 
As can be seen In Figures 6:6, testing led to edges over the end post being flattened, 
battered and to steel flow occurring. These happened due to cyclic loads and high impact 
force because the gap between adjoining steel rails was excessive. The damage in the test 
on R1 was flattening, battering (see Figure 6:6) and steel flow as shown in Figure 6:7, but 
the failure observed on R2 after the test was a significant flattening, battering (see Figure 
6:6) and plastic flow (see Figure 6:7). Whilst in case of contact pressure of 1500 MPa and 
2000 cycles for disc specimen R3, as can be observed in Figures 6:6 and 6:9, was a severe 
flattening and battering and steel flow over the end post (see Figures 6:6 and 6:9). The 
average length of metal flow in the case of end post thickness of 0.5 mm was 
approximately 0.44 mm at contact pressure of 1500 MPa and 2000 cycles, but in one case 
the metal flow length was approximately 0.54 mm in the same test condition. In the case of 
the end post thickness of 1 mm the average metal flow length was approximately 0.54 mm. 
So 0.54 mm was the highest length of metal flow in this test and this is equivalent to 6 mm 
in a real joint. In this case, the small gap size led to contact between adjacent rails when 
metal flow occurred as shown in Figures 6:8 and 6:9 in case of 1500 MPa and 2000 cycles, 
that will cause the passage of electric current from one rail to the other rail, and the large 
gap size led to an increase in impact force which affects insulated joints (joint bars, bolts 
and isolation) and rail edges. The end post thickness of 6 mm is therefore not ideal to use. 
This result validated the ouput of Wu et al. [100].  
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Fig. 6:8- R3 Specimen Imitating Rail Head 
Deformation over the Insulating End Post 
(0.5 mm) 
Fig.6:9- R3 Specimen Imitating Rail Head 
Deformation over the Insulating End Post  
(1 mm) 
 
6.5- Summary 
There was a significant growth in deformation and metal flow with increasing contact 
pressure and cycles in both cases on end post widths of 0.5 mm and 1 mm as shown in 
Figures 6:6 and 6:7. There was a difference in metal flow in the case of a 1 mm end post 
width to a 0.5 mm end post width under the same test conditions (see Figure 6:6). This was 
probably due to the increase of impact force when the gap size increases.  
 
  
Steel Rail 
End Post Material 
Steel Deformation 
Steel Rail 
End Post Material 
Steel Deformation 
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7- Rolling/Sliding Tests 
7.1- Introduction 
Testing was carried out to evaluate the performance of Nylon 12, Nylon 66, Nylon 66a, 
Epoxy glass and phenolic risen bonded fabric materials in a rolling/sliding test (see Table 
3:1 (3)). The tests were carried out on a twin-disc machine (see Section 3.2.2) in dry and 
wet conditions. Table 7:1 summarises the test conditions. 
          Table 7:1- Rolling/Sliding Test Conditions. 
Rotation Velocity 
(rpm) 
Dry and Wet Test Conditions 
Slip Ratio 
1% 
Contact Pressure MPa No. of Cycles 
400 1 200 12,000 
 
7.2- Specimens 
The disc specimens were cut out from real end posts of Nylon 12, Nylon 66, Nylon 66a, 
Epoxy Glass and phenolic Resin Bonded Fabric materials and wheel steel sections. The 
disc specimens had a diameter of 46 mm and a contact width of 10 mm and contact surface 
roughness of 1 micron (see Figure 7:1). 
 
Fig. 7:1- Disc Specimens of End Post and Steel Wheel 
7.3- Results 
7.3.1- Worn Surface Images 
Figure 7:2 shows the damaged contact surfaces for Nylon 12, Nylon 66, Nylon 66a, Epoxy 
Glass and Phenolic Resin Bonded Fabric specimens.  
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Fig. 7:2- Specimens Tested Surface Images of Nylon 12, Nylon 66, Nylon 66a, Epoxy 
Glass and Phenolic Resin Bonded Fabric Materials.  
7.4- Discussion  
The twin-disc test was employed to examine resistance of five end post materials of Nylon 
12, Nylon 66, Nylon 66a, Epoxy Glass and Phenolic Risen Bonded Fabric materials for 
wear caused by rotating/sliding contact. This test provides a simulation of the 
rolling/sliding contact. The results obtained from the tests displayed the material wear 
resistance and wear mechanisms.  
7.4.1- Thermoplastic Materials 
The thermoplastic materials are the end post materials of Nylon 12 material, Nylon 66 
material and Nylon 66a material.  
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7.4.1.1- Nylon 12, 66, and 66a Materials 
Figure 7:2 shows that the Nylon 12, 66 and 66a end post material completely failed. The 
specimen in this case was subjected to rolling and sliding and it is thought that the failure 
was largely due to thermal effects induced by the high contact pressure used and the 
friction from the partial slip. The specimen disc deformation and material moved towards 
side of contact. In reality the end post would be constrained by rail material on either side. 
Water application still led to high wear, but reduction in temperature would have been 
countered by hardness reduction.  
7.4.2- Thermosetting Materials 
The thermosetting materials are the end post materials of Epoxy Glass material and 
Phenolic Risen Bonded Fabric material. 
7.4.2.1- Epoxy Glass Material 
Figure 7:2 shows that there was surface damage on the specimen disc of Epoxy Glass 
material. This occurred as a result of rolling contact with high contact pressure.  However, 
in wet test condition as shown in Figure 7:2, the wear mechanism was similar to that in dry 
test condition.  
7.4.2.2- Phenolic Resin Bonded Fabric Material 
In Figure 7:2, it is possible to observe severe wear of Phenolic Resin Bonded Fabric disc in 
dry and wet test conditions. This was due to the rolling contact and high contact pressure. 
Material moved to the sides of contact and particles of the material transferred to steel 
wheel disc. This occurred as a result of partial slip and high contact pressure (yielding).  
7.5- Summary 
From the previous results, there was a severe failure of end post materials specimens of 
Nylon 12, Nylon 66, Nylon 66a and Phenolic Resin Bonded Fabric. The materials failed 
rapidly. The wear included removal of material (ring shape) from discs. The Epoxy Glass 
material disc was better than the other materials. The common way to calculate the 
rolling/sliding contact wear is mass loss of diameter change, but in this study the wear 
caused by rolling/sliding contact was very clear and no calculation of mass loss was 
needed. This severe failure that occurred to the materials under study may be due to high 
 
 
106 
 
contact pressure and the fact the specimens were free without support unlike the end post 
in reality which has support from the rail ends.   
The test should be improved in the future to simulate reality better. That is by putting the 
end post materials in a groove that manufactured in the centre of steel disc to provide 
support for the end post.  
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8- Static Compression Test 
Dipping of rail ends occurs due to wheel loads when they passing over the area of an 
insulated rail joints (IRJ). This action has an effect on the end post. As the rails dip the gap 
between the rail ends closes and the top of the end post is compressed. The exact distance 
can be estimated. The maximum allowable length of dipping of a rail is 3 mm [101]. The 
assumptions in this case were; the rail dipping occurred for one cycle and bending was in a 
straight line. By using the Pythagorean Theorem: 
Maximum penetration of rail edge in end post 𝑥 = 0.01125 𝑚𝑚.   
tan 𝜃 =  
𝑥
3
                                  (14) 
𝜃 = 0.2148       
0.00375 × 3 = 𝑥 
𝑥 = 0.01125 𝑚𝑚  
𝑦 = 3.00185 𝑚𝑚 
 
 
8.1- Introduction 
Testing was carried to evaluate the performance of end post materials of Nylon 12, Nylon 
66, Epoxy Glass and Phenolic Resin Bonded Fabric materials in a static load compression 
test (see Table 3:1 (2 and 6)) to evaluate the effect of compression due to rail extending 
and dipping. The test was carried out on a Tiniuse Olsen-H25kN hydraulic test machine 
(see Section 3.2.5). The specimens were compressed between two steel plates (see Figure 
8:2) at rate of the machine of 0.5 mm/min and a pre-load of 100 N. For composite 
materials in tension, a rate of 1mm/min is standard [102, 103]. Due to the small size of the 
samples, the rate was lowered so that the strain rate in the material was not too high.  The 
pre-load of 100N was chosen by observing the sample. At around 100N the surfaces of the 
samples appeared to be flat against the metal plates, meaning that the experiment could 
start without any slack in the system. 
800 mm 
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Fig. 8:2- Static Compression Test Set-up. 
8.2- Specimens 
For each end post material of Nylon 12, Nylon 66, Epoxy Glass and Phenolic Risen 
Bonded 
Fabric materials, three cylindrical specimens were cut out from real end posts, 8 mm in 
diameter and 6 mm in thick (see Figures 3:27 and 8:3). The specimen size was selected to 
be suitable for the test machine, where the maximum load of the machine is 25 kN. The 
output from an finite element model indicated the compressive stress at the top of the end 
post during bending is about 300 MPa [104]. The suitable area of the specimens related to 
the stress from the FE model is calculated as follows: 
σ =  
𝐹
𝐴0
 [ 𝑁/𝑚𝑚²]       (15) 
where σ = Stress, 
F = force (N) 
𝐴0 = 𝑜riginal area (mm²) 
𝐴0 in this test =  𝜋 𝑟² 
300 =  
25000
𝐴0
 
𝐴0  =  
25000
300
 = 83 𝑚𝑚² 
Maximum D ≅ 10 mm 
where D is the specimen diameter. 
Steel 
Plates Specimen 
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Each test was conducted three times under the same test condition of strain rate, pre-load 
and environmental condition (i.e temperature and humidity). The damage of material 
(displacement or rupture) was measured by put the specimens under a certain force and the 
machine measure a the displacement against the force. The results obtained from 
experimental work showed that test repeatability was very good.  
 
Fig. 8:3- End Post Materials Specimens (1) PRBF, (2) EG, (3) N12, and (4) N66 Materials. 
8.3- Results 
8.3.1- Failure Behaviour  
The results obtained from experimental work for the end post materials of Nylon 12, Nylon 
66, Nylon 66a, Epoxy Glass and Phenolic Resin Bonded Fabric materials using a 
displacement rate of 0.5 mm/min and pre-load of 100 N are shown in Figures 8:4 to 8:7. 
Figures 8:4-8:7 summarise the relationship between force and material displacement. Each 
figure is divided into two or three regions, elastic deformation and plastic deformation (see 
Figures 8:4 and 8:5), elastic deformation and rupture (see Figure 8:6) and elastic 
deformation, plastic deformation and fracture (see Figure 8:7). 
8.3.1.1- Stress Strain Curves Analysis 
The strain for each case was calculated from the following formula: 
Ԑ =
∆𝐿
𝐿0
 [𝑚𝑚 𝑚𝑚⁄ ]                                                                                                                                       (16) 
where Ԑ = 𝑆train, 
 ∆𝐿 =  𝐿1 +  𝐿0 (displacement) 
𝐿𝑜 = original length (mm), 
6
m
m
 
8 mm 
1 2 3 4 
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𝐿1 = final length (mm), 
𝐿0 =  6 𝑚𝑚 
The stress was calculated from the equation (14) 
𝐴0 in this test = 𝜋𝑟² = 𝜋 × 4² = 50.24 𝑚𝑚² 
The point where the graph stops being linear is its proportional limit or elastic limit and it 
is the boundary between the elastic region and plastic region. 
Yield strength is the stress amount at the yield point. It is used as a measure of material 
resistance to permanent deformation. It was calculated by plotting a straight line which is 
parallel to the young modulus line at 0.2% offset. 
 
Fig. 8:4- Nylon 12 Stress vs Strain. 
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Fig. 8:5- Nylon 66 Stress vs Strain.  
 
 
Fig. 8:6- Epoxy Glass Stress vs Strain. 
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Fig. 8:7- Phenolic Resin Bonded Fabric Stress vs Strain. 
 
Figures 8:8 - 8:17 show the material damage after the tests (i.e; elastic deformation, plastic 
deformation and fracture). 
 
 
Fig. 8:8- Nylon 12 Material Specimen after 
Test. 
Fig. 8:9- Schematic Diagram of Nylon 12 
(a) before Test (b) after Test. 
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Fig. 8:10- Nylon 66 Material Specimen 
after Test. 
Fig. 8:11- Schematic Diagram of Nylon 66 
(a) before Test (b) after Test. 
 
  
 Fig. 8:12- Epoxy Glass Material Specimen after Test. 
  
  
 
Fig. 8:13- Epoxy Glass Specimen Fracture 
Surface Image  
Fig. 8:14- Schematic Diagram of Epoxy 
Glass (a) before Test (b) after Test. 
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Fig. 8:15- Phenolic Resin Bonded Fabric Material Specimen after Test. 
 
 
 
Fig. 8:16- Phenolic Resin Bonded Fabric  
Specimen Fracture Surface 
Image. 
Fig. 8:17- Schematic Diagram of Phenolic 
Resin Bonded Fabric (a) before 
Test (b) after Test. 
8.4- Discussion 
8.4.1- Thermoplastic Materials 
The end post materials that are classified as thermoplastic materials in this test were Nylon 
12 material and Nylon 66 material.  
8.4.1.1- Nylon 12  
Figure 8:4 shows the failure map of the Nylon 12 material when compressed between two 
steel plates by the test machine at pre-load of 100 N and machine rate of 0.5 mm/min. The 
figure shows two regions. The first region is elastic failure and the second plastic. Within 
the elastic regime, the material returns to its original shape and dimensions once the load is 
no longer applied. While the plastic deformation means that the material does not return. 
Nylon 12 material has a large range of plastic failure as shown in Figure 8:4. The 
compressive stress results in permanent deformation causing the specimens to become 
Matrix Fibre 
a b 
Shear 
Stress 
Steel Plate 
Matrix 
Fibre 
50 µm 
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compressed and expand outwards (see Figures 8:8 and 8:9 a and b). The yield strength of 
the material as shown in Figure 8:4 is 85 MPa. The Nylon material will bear forces till 
yield without plastic failure (plastic deformation or rupture). This damage is common in 
real end posts as mentioned in section 1.7.2 and shown in Figure 1:25.    
8.4.1.2- Nylon 66 
As can be seen in Figure 8:5, the failure of the specimen due to compressive load was 
divided into two ranges, a plastic deformation range and plastic failure range. The Nylon 
66 material bears a maximum value of compressive stress of 55 MPa (yield strength) 
without permanent failure. This value is in an agreement with previous values [105].  As 
shown in Figure 8:5, once the compressive stress exceeded the yield strength, the material 
started to plastically deform. The compressive stress caused plastic deformation for the 
specimen and the specimen became shorter and bulged at the sides (see Figures 8:10 and 
8:11 a and b).  This damage is common in real sites as mentioned in section 1.7.2 and 
shown in Figure 1:25.    
8.4.2- Thermosetting Materials 
The end post materials of Epoxy Glass material and Phenolic Resin Bonded Fabric 
material were classified as thermosetting materials according to melting point test in 
section 3.3.1.  
8.4.2.1- Epoxy Glass  
In Figure 8:6 it is possible to observe that the Epoxy Glass material specimen did not show 
any permanent deformation. The specimen failed whiles the deformation still in the elastic 
range. The material failed at an inclined level oriented at angle of approximately 45˚ to the 
direction of loading that indicated a shear failure of fibres and matrix (see Figures 8:12 to 
8:14). This is in an agreement with Boll [59]. This type of failure occurs when “fibre 
volume fractions are very high and fibres are very well aligned to direction of loading” 
[106]. 
8.4.2.2- Phenolic Resin Bonded Fabric 
Figure 8:7 shows the stress-strain curve of compressed specimen of Phenolic Resin 
Bonded Fabric material. The curve showed two elastic deformation ranges, a plastic 
deformation range and a rupture region. This happened probably due to weak bonding 
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between fibres and the matrix. The compressive failure in this case, depicted in Figures 
8:15 to 8:17, was a shear buckling mode. This is in an agreement with results obtained by 
Jelf and Fleck [60] and Budiansky [107]. 
8.5- Summary 
The thermoplastic materials were strong materials, but not strong enough to bear the loads. 
All thermoplastic material specimens have attained a barrel shape. The Epoxy Glass has 
the best resistance to static compression followed by Phenolic Resin Bonded Fabric 
material, Nylon 12 material and Nylon 66 material respectively. The dominant damage 
mode in this test was elastic deformation then rupture for Epoxy Glass and elastic 
deformation and plastic deformation then rupture for Phenolic Resin Bonded Fabric 
material, while the failure dominant mode for thermoplastic materials was elastic 
deformation followed by plastic deformation.  The thermosetting materials were stronger 
than the thermoplastic materials. They did not bulge. The relationship between fibres and 
matrix adhesion in the Phenolic Resin Bonded Fabric material was poor. Epoxy Glass 
material has a linear elastic deformation and failed while in the elastic regime, the other 
good thing is low deflection at a high force keeping rails a part. Epoxy Glass material has 
higher resistance of static compressive load.  
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9- Conclusions and Recommendations  
9.1- Conclusions 
In this chapter an outline of the obtained results and findings from the experimental works 
implemented on this study are displayed. It gives a brief summary of all experiments 
carried out on the studied end post materials of Nylon 12 (N12), Nylon 66 (N66), Nylon 
66a (N66a), Epoxy Glass (EG) and Phenolic Resin Bonded Fabric (PRBF) material to 
develop and improve the performance of insulated rail Joints (IRJs). Recommendations are 
made on the optimum end post material that can be used to improve the performance of 
insulated rail joints (IRJs).  
9.1.1- Block-on-Ring Sliding Wear Tests 
As mentioned in Table 3:1 100% sliding wear was one of the damage mechanisms in the 
wheel/rail-end post contact which has a direct effect on an end post. Tests were carried out 
in dry and wet conditions as presented in Section 3.5.1 and Chapter 4. The Block-on-Ring 
rig was used to achieve this test as illustrated in Section 3.2.1. 
9.1.1.1- Dry Test Condition 
The results showed clearly that: 
1. Surface wear due to sliding depends on the sliding velocity, load, and sliding 
distance. 
2. An increase of sliding speed, load, and sliding distance led to increased coefficient 
of friction which led to a rise in contact temperature that caused the melting of 
thermoplastic end post materials. 
3. Thermosetting materials of Epoxy Glass and Phenolic Resin Bonded Fabric do not 
melt. 
4. All thermoplastic and thermosetting end post materials under study are affected 
significantly in the case of high speed and heavy load. 
9.1.1.2- Wet Test Condition 
The data obtained showed that: 
1. The wear resistance of all thermoplastic and thermosetting materials was improved 
except Nylon 66 where the use of water has led to softening and far greater wear. 
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The thermosetting material of Epoxy Glass exhibited the best wear performance 
and can be considered as a very good tribo-material between the materials used in 
this study in this condition. 
9.1.2- Impact Tests 
The second wear mechanism that has a significant effect on the end post, as explained in 
contact scenario wheel/rail-end post in Table 3:1, is impact wear. These tests were 
performed in dry and wet conditions as described in Section 3.5.4 and Chapter 5. 
Pneumatic Ball-on-Plate apparatus was employed to carry out this test as presented in 
Section 3.2.3.   
The experimental data showed that: 
1. Crater size caused by impact force depends on load and number of cycles 
2. The crater size of thermoplastic materials was affected positively (less wear) by 
water in wet test conditions. 
3. The crater size of Nylon 66 material was affected by water negatively (more wear) 
in wet test conditions as with sliding tests the material softened therefore making it 
less resistant to impact. 
4. The thermosetting materials of Epoxy Glass and Phenolic Resin Bonded Fabric 
materials were not affected by water in wet tests. 
5. The mechanism of impact wear of the thermoplastic materials of Nylon 12, Nylon 
66 and Nylon 66a and thermosetting materials of Phenolic Resin Bonded Fabric 
was displacement/compression and with materials loss. 
6. The mechanism of impact wear of thermosetting material of Epoxy Glass was 
material loss which results in the contact surface became smoother and powder 
appearing on the material surface.     
7.  The Nylon 12 material has highest material displacement/compression resistance 
in the thermoplastic materials group. 
8. The Epoxy Glass material has the highest wear resistance in the thermosetting 
materials group. 
9.1.3- Lipping Tests 
The lipping phenomenon has a big effect on the end post as shown in the contact scenario 
wheel/rail-end post in Table 3:1. The Block-on-Ring rig and Twin-Disc machine were used 
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for these tests (see Sections 3.2.1 and 3.2.2). The tests were conducted in dry conditions as 
demonstrated in Section 3.5.2 and Chapter 6. 
9.1.3.1- 100% Slip Ratio Lipping Test 
The 100% sliding has a significant effect on the end post width and as a result the steel 
edges were flattened, wore and lipped. 
9.1.3.2- Partial Slip Ratio (1%) Lipping Test 
1. The bulk deformation of metal grew significantly with contact pressure and cycles. 
2. The highest metal flow length in the tests was 0.54 mm in the case of a contact 
pressure of 1500 MPa and 2000 cycles for both end post thickness of 0.5 mm and 1 
mm and this is equivalent to 6 mm in real site. 
3. The metal flow size in the case of an end post width of 1 mm was larger than the 
metal flow size in case of end post width 0f 0.5 mm. This occurred due to increases 
in impact forces. 
9.1.4- Rolling/Sliding Contact Wear Tests 
The Rolling/Sliding contact has a major effect on the end post as mentioned in Table 3:1. 
A Twin-Disc machine has been employed to carry out the test in dry and wet conditions 
(see Section 3.5.3 and Chapter 7). 
The test results displayed that: 
1. The effect of contact pressure was very severe on the thermoplastic materials of 
Nylon 12, Nylon 66, Nylon 66a and the thermosetting material of Phenolic resin 
bonded fabric material which led to the specimens completely failing in early stage. 
2. The Epoxy Glass material was less affected by the load  used. 
3. The impact of rolling and partial sliding contact was significant in all studied end 
post materials. 
4. There was no positive affect of using water in wet test on all Thermoplastic and 
thermosetting materials. 
9.1.5- Static Compression Tests 
The final damage effect on the thermoplastic and the thermosetting end post materials as 
described in Table 3:1 is a static compression load. These tests were carried out as 
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explained in Section 3.5.5 and Chapter 8. A Tinius Olsen H-25kN hydraulic test machine 
was used to perform this test as presented in Section 3.2.4.   
The experimental works results showed that: 
1. The thermoplastic materials of Nylon 12 and Nylon 66 and the thermosetting 
materials of Phenolic Resin Bonded Fabric have two damage modes (plastic 
deformation and plastic deformation 
2. The Nylon 12 material and Nylon 66 material have a large region of plastic 
deformation, with Nylon 12 being a larger. 
3. The thermoplastic materials of Nylon 12 and Nylon 66a barrelled. 
4. The Phenolic Resin Bonded fabric material has a shear buckling compressive 
failure mode. The material has elastic deformation range first then plastic 
deformation and finally rupture. 
5. The compressive failure of Phenolic Resin Bonded fabric material showed that the 
adhesion between matrix and fibres was poor. 
6. The Epoxy Glass material has elastic deformation range then fails, with no plastic 
deformation.  
7. The Nylon 12 material has the highest resistance of compressive load in the 
thermoplastic materials group. 
8. The Epoxy Glass material has the higher resistance of a static compressive load in 
all thermoplastic and thermosetting end post materials groups under study.  
The Nylon 12 material (N12) has the highest wear/displacement resistance in the 
thermoplastic materials group. But the Epoxy Glass material (EG) has a higher wear 
resistance in the thermoplastic and thermosetting materials groups. So the Epoxy Glass 
material is the best tribo-material in this study. It is recommended using this as an end post 
material to contribute to the development and improve the performance of insulated rail 
joints (IRJs). The end post thickness of 6 mm is not recommended because it can be 
affected by lipping more than thicker end posts although the thicker end post causes greater 
impact damage to the rails. 
From the results obtained in this experimental study, which were conducted on the five 
most commonly used materials in railway track as end posts, it can be seen that, 
thermoplastic materials of (N 12, N 66, N 66a) do not bear excessive loads that they are 
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exposed to in service as a component of an insulated rail joint (IRJ). In addition, these 
materials melt at severe working conditions when contact temperature is increased. Also 
elastic and plastic deformation is took place which led to increased rail bending, resulting 
in contact between the adjacent rails ends. Also plastic deformation led to end post bulging 
from the sides and the top which led to the end post cracking and coming out the gap. In 
contrast the thermosetting materials of (EG and PRBF) did not melt at all. The PRBF 
material do not bear severe working conditions, resulting in weight loss, permanent 
deformation and cracking. While the EG material shows high wear resistance and no 
deformation occurred. This makes it a good support for rails and reduces bending. This 
result validated the result of Mandal [23]. 
9.2- Recommendations for Future Work 
The rolling/sliding tests should be conducted in future work using procedures that simulate 
reality better. This could be by making a groove in the centre of rail steel disc and placing 
the end post materials in it.  These will act as rails and joint bars and provide a good 
support for the end posts which will give good results. Test should be conducted at dry and 
wet conditions at certain test parameters of contact pressure, rotation speed and slip ratio. 
The test will carried out at 400 rpm and slip ratio of 1%. Applied load will be calculated by 
Hertz theory to produce 200 MPa contact pressure. 
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Published Works 
1- Elshukri, A., Fathi and Lewis, Roger, An Experimental Investigation and 
Improvement of Insulated Rail Joints (IRJs). Proceeding of the 14th International 
Conference on Tribology, May 2015, Belgrade, Serbia. 
Abstract: In this study the impact of sliding speed, applied load and period of time on the 
wear resistance of end post materials of Nylon 12 (N12), Nylon 66 (N66), Nylon 66a 
(N66a), Epoxy Glass (EG) and Phenolic Resin Bonded Fibre materials were investigated. 
Wear tests were implemented in dry and wet conditions on a Block-on-Ring apparatus. The 
tests were carried out at different sliding speeds of 1.5 m/sec., 3.3 m/sec., and 7.2 m/sec., 
applied loads of 10 N, 30 N, and 50 N, and three periods of time 5 min., 30 min. and 60 
min. The obtained results in dry condition tests showed that the wear resistance of nylon 
and fibre materials used in this study decreases with the increase in applied load and 
sliding speed due to increase in contact temperature. But the impact of these increases in 
sliding speed and applied load was less on the wear resistance of fibre materials. 
Unexpected results were that in wet test condition for nylon66 materials where the wear 
resistance was less compared with the same material in a dry test. 
2- Elshukri, A., Fathi and Lewis Roger, An Experimental Investigation and 
Improvement of Insulated Rail Joints (IRJs). 1
st
 International Conference on 
Tribology, 2015, Istanbul, Turkey.   
Abstract: In this work the effect of impact on end post material was assessed using a 
Pneumatic Ball-on-Plate Impact rig in dry and wet conditions. The influence of impact 
forces and number of cycles on the wear resistance of Nylon 12, Nylon 66, Nylon 66a, 
Epoxy Glass and Phenolic Risen Bonded Fibre materials were tested. Two states of impact 
wear were observed. The first state relates primarily to material displacement and 
deformation with cracks formed around edges and second state, which results in material 
loss where the surface became smoother and powder appeared. 
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Appendix A 
Tγ Calculations 
Nylon 66 Material (N 66) 
Modulus of Elasticity = 3100 MPa 
Poisson s Ratio = 0.4 
Steel Poisson s Ratio = 0.3 
Steel Modulus of Elasticity = 200000 MPa 
 a= √(4 x P x R/(π x E)) 
1/E = ((1 - ν₁²)/E₁) + ((1 - ν₂²)/E₂) 
E= 3629.53 MPa 
a (10 N)= 0.12138 mm,   a (20 N) = 0.21024 mm, and  a (50 N) = 0.2714 mm 
Contact area (10 N) = 1.2138 mm² 
Contact area (30 N) = 2.1024 mm² 
Contact area (50 N) = 2.7142 mm² 
Whole contact area = 25 mm² 
Tγ/A= (fn x μ x slip%)/ contact area 
= (10 x 0.211 x 1)/ 25 = 0.0844 
= (10 x 0.278 x 1) 25 = 0.1112 
= (10 x 0.211 x 1)/ 1.2138 = 1.7384 
= (10 x 0.278 x 1)/ 1.2138 = 2.2903 
= (30 x 0.2092 x 1)/ 25 = 0.25116 
= (30 x 0.309 x 1)/ 25 = 0.3708 
= (30 x 0.2093 x 1)/ 2.1024 = 2.9866 
= (30 x 0.309 x 1)/ 2.1024 = 4.4092 
= (50 x 0.2061 x 1)/ 25 = 0.4122 
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= (50 x 0.315 x 1)/ 25 = 0.630 
= (50 x 0.2061 x 1)/ 2.7142 = 3.7967 
= (50 x 0.315 x 1)/ 2.7142 = 5.8028 
Nylon 66a Material ( N 66a) 
Tγ/A= (fn x μ x slip%)/ contact area 
= (10 x 0.2668 x 1)/ 25 = 0.10672 
= (10 x 0.3188 x 1) 25 = 0.1275 
= (10 x 0.2668 x 1)/ 1.2138 = 2.1980 
= (10 x 0.3188 x 1)/ 1.2138 = 2.6263 
= (30 x 0.2706 x 1)/ 25 = 0.3247 
= (30 x 0.3444 x 1)/ 25 = 0.41328 
= (30 x 0.2706 x 1)/ 2.1024 = 3.8613 
= (30 x 0.3444 x 1)/ 2.1024 = 4.9143 
= (50 x 0.2706 x 1)/ 25 = 0.533 
= (50 x 0.3444 x 1)/ 25 = 0.6726 
= (50 x 0.2706 x 1)/ 2.7142 = 5.9093 
= (50 x 0.3444 x 1)/ 2.7142 = 6.1952 
Desired Contact Pressure Disc Contact Calculations in Rolling/Sliding Test s 
Nylon Materials: 
 
T (m) 0.006 
   
P0 (MPa) 2.00E+02 
   
Load kN 2.385951277 
   
Load N/m 397658.5461 
   
D1 (m) 0.047 
   
D2 (m) 0.045 
   
Ri 0.011494565 
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E1 2.1E+11 
   
E2 3.10E+09 
   
n1 0.3 
   
n2 0.4 
   
E* 3632386830 
   
b (m) 0.001265786 
   
P0 (MPa) 200 
     
   
2b(mm) 2.531572931 
     Composite Materials: T (m) 0.006 
   
P0 (MPa) 200 
   
Load kN 1.671228263 
   
Load N/m 278538.0439 
   
D1 (m) 0.047 
   
D2 (m) 0.045 
   
Ri 0.011494565 
   
E1 2.1E+11 
   
E2 2.40E+09 
   
n1 0.3 
   
n2 0.74 
   
E* 5185825411 
   
b (m) 0.000886614 
   
P0 (MPa) 200 
   
2b(mm) 1.773228261 
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Microscopic Photocopies for Unworn and Worn Contact Surfaces of Specimens in 
Sliding Wear Test:      
1- Nylon 12 Material (N12)                   
 
Fig.1- Contact Surface beforeTest. 
 
Fig. 2- Contact Surface after 05 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 3- Contact Surface after 30 Minutes at 1.5 m/sec and 10 N Test. 
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Fig. 4- Contact Surface after 60 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 5- Contact Surface before Test. 
 
Fig. 6- Contact Surface after 05 Minutes at 1.5 m/sec and 30 N Test. 
 
                      Fig. 7- Contact Surface after 30 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 8- Contact Surface after 60 Minutes at 1.5 M/sec and 30 N Test. 
 
 
136 
 
 
Fig. 9- Contact Surface before Test. 
 
                    Fig. 10- Contact Surface after 05 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 11- Contact Surface after 30 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 12- Contact Surface 60 Minutes at 1.5 m/sec and 50 N Test. 
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Fig. 13- Contact Surface before Test. 
 
                    Fig. 14- Contact Surface after 05 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 15- Contact Surface after 30 Minutes at 3.3 m/sec and 10 N Test. 
 
                   Fig. 16- Contact Surface after 60 Minutes at 3.3 m/sec and 10 N Test. 
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Fig. 17- Contact Surface before Test. 
 
Fig. 18- Contact Surface after 05 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 19- Contact Surface after 30 Minutes at 3.3 m/sec and 30 N Test. 
 
          Fig. 20- Contact Surface after 60 Minutes at 3.3 m/sec and 30 N Test. 
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Fig. 21- Contact Surface before Test 
 
Fig. 22- Contact Surface after 05 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 23- Contact Surface after 30 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 24- Contact Surface after 60 Minutes at 3.3 m/sec and 50 N Test. 
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Fig. 25- Contact Surface before Test. 
 
Fig. 4:26- Contact Surface after 05 Minutes at 7.2 m/sec and 10 N Test. 
                           
Fig. 27- Contact Surface after 30 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 28- Contact Surface after 60 Minutes at 7.2 m/sec and 10 Test. 
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Fig. 29- Contact Surfase before Test. 
 
Fig. 30- Contact Surface after 05 Minutes at 7.2 m/sec and 30 N Test. 
                          
Fig. 31- Contact Surface before Test. 
    
Fig. 32- Contact Surface after 05 Minutes at 7.2 m/sec and 50 N Test. 
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2- Nylon 66 Material (N 66) 
 
Fig. 33- Contact Surface before Test. 
 
Fig. 34- Contact Surface after 05 Minutes at 1.5 m/sec and 10 N Test. 
 
              Fig. 35- Contact Surface after 30 Minutes at 1.5 m/sec and 10 N Test. 
 
          Fig. 36- Contact Surface after 60 Minutes at 1.5 m/sec and 10 N Test. 
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Fig. 37- Contact Surface before Test. 
 
Fig. 38- Contact Surface after 05 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 39- Contact Surface after 30 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 40- Contact Surface after 60 Minutes at 1.5 m/sec and 30 N Test. 
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Fig. 41- Contact Surface before Test. 
 
Fig. 42- Contact Surface after 05 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 43- Contact Surface after 30 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 44- Contact Surface after 60 Minutes at 1.5 m/sec and 50 N Test. 
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Fig. 45- Contact Surface before Test. 
 
Fig. 46- Contact Surface after 05 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 47- Contact Surface after 30 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 48- Contact Surface after 60 Minutes at 3.3 m/sec and 10 N Test. 
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Fig. 49- Contact Surface before Test. 
 
Fig. 50- Contact Surface after 05 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 51- Contact Surface after 30 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 52- Contact Surface after 60 Minutes at 3.3 m/sec and 30 N Test. 
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Fig. 53- Contact Surface before Test. 
 
Fig. 54- Contact Surface after 05 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 55- Contact Surface after 30 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 56- Contact Surface after 60 Minutes at 3.3 m/sec and 50 N Test. 
 
 
148 
 
 
Fig. 57- Contact Surface before Test. 
 
Fig. 58- Contact Surface after 05 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 59- Contact Surface after 30 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 60- Contact Surface after 60 Minutes at 7.2 m/sec and 10 N Test. 
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Fig. 61- Contact Surface before Test. 
 
Fig. 62- Contact Surface after 05 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 63- Contact Surface after 30 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 64- Contact Surface before Test 
 
 
150 
 
 
Fig. 65- Contact Surface after 05 Minutes at 7.2 m/sec and 50 N Test. 
3- Nylon 66a Material (N 66a) 
 
Fig. 66- Contact Surface before Test. 
 
Fig. 67- Contact Surface after 05 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 68- Contact Surface after 30 Minutes at 1.5 m/sec and 10 N Test. 
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Fig. 69- Contact Surface after 60 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 70- Contact Surface before Test. 
 
          Fig. 71- Contact Surface after 05 Minutes at 1.5 m/sec and 30 Test. 
 
Fig. 72- Contact Surface after 30 Minutes at 1.5 m/sec and 30 N Test. 
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          Fig. 73- Contact Surface after 60 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 74- Contact Surface before Test. 
 
            Fig. 75- Contact Surface after 05 Minutes at 1.5 m/sec and 50 Test. 
 
             Fig. 76- Contact Surface after 30 Minutes at 1.5 m/sec and 50 Test. 
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            Fig. 77- Contact Surface after 60 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 78- Contact Surface before Test. 
 
Fig. 79- Contact Surface after 05 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 80- Contact Surface after 30 Minutes at 3.3 m/sec and 10 N Test. 
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            Fig. 81- Contact Surface after 60 Minutes at 3.3 m/sec and 10 Test. 
 
Fig. 82- Contact Surface before Test. 
 
          Fig. 83- Contact Surface after 05 Minutes at 3.3 m/sec and 30 N Test. 
 
         Fig. 84- Contact Surface after 30 Minutes at 3.3 m/sec and 30 N Test. 
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Fig. 85- Contact Surface after 60 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 86- Contact Surface before Test. 
 
         Fig. 87- Contact Surface after 05 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 88- Contact Surface after 30 Minutes at 3.3 m/sec and 50 N Test. 
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        Fig. 89- Contact Surface after 60 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 90- Contact Surface before Test. 
 
             Fig. 91- Contact Surface after 05 Minutes at 7.2 m/sec and 10 N Test. 
 
             Fig. 92- Contact Surface after 30 Minutes at 7.2 m/sec and 10 N Test. 
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Fig. 93- Contact Surface after 60 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 94- Contact Surface before Test. 
 
Fig. 95- Contact Surface after 05 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 96- Contact Surface after 30 Minutes at 7.2 m/sec and 30 N Test. 
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Fig. 97- Contact Surface after 60 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 98- Contact Surface before Test. 
 
Fig. 99- Contact Surface after 05 Minutes at 7.2 m/sec and 50 N Test. 
4- Epoxy Glass Material (EG) 
 
Fig. 100- Contact Surface before Test. 
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Fig. 101- Contact Surface after 05 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 102- Contact Surface after 30 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 103- Contact Surface after 60 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 104- Contact Surface before Test. 
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Fig. 105- Contact Surface after 05 Minutes at 1.5 m/sec and 30 N Test. 
 
 Fig. 106- Contact Surface after 30 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 107- Contact Surface after 60 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 108- Contact Surface before Test. 
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Fig. 109- Contact Surface after 05 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 110- Contact Surface after 30 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 111- Contact Surface after 60 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 112- Contact Surface before Test. 
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Fig. 113- Contact Surface after 05 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 114- Contact Surface after 30 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 115- Contact Surface after 60 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 116- Contact Surface before Test. 
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Fig. 117- Contact Surface after 05 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 118- Contact Surface after 30 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 119- Contact Surface after 60 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig120- Contact Surface before Test. 
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Fig. 121- Contact Surface after 05 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 122- Contact Surface after 30 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 123- Contact Surface after 60 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 124- Contact Surface before Test. 
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Fig. 125- Contact Surface after 05 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 126- Contact Surface after 30 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 127- Contact Surface after 60 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 128- Contact Surface before Test. 
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Fig. 129- Contact Surface after 05 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 130- Contact Surface after 30 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 131- Contact Surface after 60 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 132- Contact Surface before Test. 
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Fig. 133- Contact Surface after 05 Minutes at 7.2 m/sec and 50 N Test. 
 
Fig. 134- Contact Surface after 30 Minutes at 7.2 m/sec and 50 N Test. 
 
Fig. 135- Contact Surface after 60 Minutes at 7.2 m/sec and 50 N Test. 
 
5- Phenolic Resin Bonded Fabric Material (PRBF) 
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Fig. 136- Contact Surface before Test. 
 
Fig. 137- Contact Surface after 05 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 138- Contact Surface after 30 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 139- Contact Surface after 60 Minutes at 1.5 m/sec and 10 N Test. 
 
Fig. 140- Contact Surface before Test. 
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Fig. 141- Contact Surface after 05 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 142- Contact Surface after 30 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 143- Contact Surface after 60 Minutes at 1.5 m/sec and 30 N Test. 
 
Fig. 144- Contact Surface before Test. 
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Fig. 145- Contact Surface after 05 Minutes at 1.5 m/sec and 50 N of Test. 
 
Fig. 146- Contact Surface after 30 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 147- Contact Surface after 60 Minutes at 1.5 m/sec and 50 N Test. 
 
Fig. 148- Contact Surface before Test. 
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Fig. 149- Contact Surface after 05 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 150- Contact Surface after 30 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 151- Contact Surface after 60 Minutes at 3.3 m/sec and 10 N Test. 
 
Fig. 152- Contact Surface before Test. 
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Fig. 153- Contact Surface after 05 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 154- Contact Surface after 30 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 155- Contact Surface after 60 Minutes at 3.3 m/sec and 30 N Test. 
 
Fig. 156- Contact Surface before Test. 
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Fig. 157- Contact Surface after 05 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 158- Contact Surface after 30 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 159- Contact Surface after 60 Minutes at 3.3 m/sec and 50 N Test. 
 
Fig. 160- Contact Surface before Test. 
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Fig. 161- Contact Surface after 05 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 162- Contact Surface after 30 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 163- Contact Surface after 60 Minutes at 7.2 m/sec and 10 N Test. 
 
Fig. 164- Contact Surface before Test. 
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Fig. 165- Contact Surface after 05 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 166- Contact Surface after 30 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig. 167- Contact Surface after 60 Minutes at 7.2 m/sec and 30 N Test. 
 
Fig168- Contact Surface before Test. 
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Fig. 169- Contact Surface after 05 Minutes at 7.2 m/sec and 50 N Test. 
 
Fig. 170- Contact Surface after 30 Minutes at 7.2 m/sec and 50 N Test. 
 
Fig. 171- Contact Surface after 60 Minutes at 7.2 m/sec and 50 N Test. 
 
Block-On-Ring 100% Slip Lipping Test Images 
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Table 1- Images of Tested Surfaces of Nylon 66 Material Specimens in both Dry and 
Wet Conditions: 
  
 
Nylon 66 material dry impact test at  
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Nylon 66 material dry impact test at  
100 N & 1000 Cycle 
Nylon 66 material dry impact test at  
100 N & 5000 Cycle 
100 N & 10000 Cycle 
 
Nylon 66 material wet impact test at  
100 N & 1000 Cycle 
 
Nylon 66 material wet impact test at  
100 N & 5000 Cycle 
 
Nylon 66 material wet impact test at  
100 N & 10000 Cycle 
 
Nylon 66 material dry impact test at 
 300 N & 1000 Cycle 
 
Nylon 66 material dry impact test at  
300 N & 5000 Cycle 
 
Nylon 66 material dry impact test at  
300 N & 10000 Cycle 
 
Nylon 66 material wet impact test at  
300 N & 1000 Cycle 
 
Nylon 66 material wet impact test at 
 300 N & 5000 Cycle 
 
Nylon 66 material wet impact test at 
 300 N & 10000 Cycle 
 
Nylon 66 material dry impact test at  
500 N & 1000 Cycle 
 
Nylon 66 material dry impact test at  
500 N & 5000 Cycle 
 
Nylon 66 material dry impact test at 
 500 N & 10000 Cycle 
 
Nylon 66 material wet impact test at 
 500 N & 1000 Cycle 
 
Nylon 66 material wet impact test at  
500 N & 5000 Cycle 
 
Nylon 66 material wet impact test at  
500 N & 10000 Cycle 
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Table 2- Images of Tested Surfaces of Epoxy Glass Material Specimens in both Dry and 
Wet Conditions: 
 
Epoxy glass material dry impact test at  
100 N & 1000 Cycle 
 
Epoxy glass material dry impact test at 
100 N & 5000 Cycle 
 
 Epoxy glass material dry impact test at  
100 N & 10000 Cycle 
 
Epoxy glass material wet impact test at 
 100 N & 1000 Cycle 
 
Epoxy glass material wet impact  test at  
100 N & 5000 Cycle 
 
Epoxy glass material wet impact test at  
100 N & 10000 Cycle 
 
Epoxy glass material dry impact test at 
 300 N & 1000 Cycle 
 
Epoxy glass material dry impact test at  
300 N & 5000 Cycle 
 
Epoxy glass material dry impact test at 
 300 N & 10000 Cycle 
 
Epoxy glass material wet impact test at 
 300 N & 1000 Cycle 
 
Epoxy glass material wet impact  test at  
300 N & 5000 Cycle 
 
Epoxy glass material wet impact  test at  
300 N & 10000 Cycle 
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Epoxy glass material dry impact test at  
500 N & 1000 Cycle 
 
Epoxy glass material dry impact test at  
500 N & 5000 Cycle 
 
Epoxy glass material dry impact test at  
500 N & 10000 Cycle 
 
Epoxy glass material wet impact  test at 
 500 N & 1000 Cycle 
 
Epoxy glass material wet impact  test at  
500 N & 5000 Cycle 
 
Epoxy glass material wet impact  test at  
500 N & 10000 Cycle 
 
Table 3- Images of Tested Surfaces of Phenolic Resin Bonded Fabric Material Specimens 
in both Dry and Wet Conditions: 
 
 
Phenolic resin bonded fabric material dry 
impact test at 100N & 1000Cycles. 
 
 
Phenolic resin bonded fabric material dry 
impact test at 100N & 5000Cycles 
 
 
Phenolic resin bonded fabric material dry 
impact test at 100N & 10000Cycles. 
 
 
Phenolic resin bonded fabric material wet 
impact test at 100N & 1000Cycles. 
 
 
Phenolic resin bonded fabric material wet 
impact test at 100N & 5000Cycles. 
 
 
Phenolic resin bonded fabric material wet 
impact test at 100N & 10000Cycles. 
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Phenolic resin bonded fabric material dry 
impact test at 300N & 1000Cycles. 
 
Phenolic resin bonded fabric material dry 
impact test at 300N & 5000Cycles. 
 
Phenolic resin bonded fabric material dry 
impact test at 300N & 10000Cycles. 
 
 
Phenolic resin bonded fabric material wet 
impact test at 300N & 1000Cycles. 
 
 
Phenolic resin bonded fabric material Wet 
impact test at 300N & 5000Cycles. 
 
 
Phenolic resin bonded fabric material wet 
impact test at 300N & 10000Cycles. 
 
 
Phenolic resin bonded fabric material dry 
impact test at 500N & 1000Cycles. 
 
 
Phenolic resin bonded fabric material dry 
impact test at 500N & 5000Cycles 
 
 
Phenolic resin bonded fabric material dry 
impact test at 500N & 10000Cycles. 
 
 
Phenolic resin bonded fabric material Wet 
impact test at 500N & 1000Cycles. 
 
 
Phenolic resin bonded fabric material Wet 
impact test at 500N & 5000Cycles. 
 
 
Phenolic resin bonded fabric material wet 
impact test at 500N & 10000Cycles. 
 
Impact Test Profilometer Graphs 
1- Nylon 66 Material (N66) 
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2- Nylon 66a Material  
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3- Epoxy Glass Material (EG) 
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4- Phenolic Resin Bonded Fabric Material (PRBF) 
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